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ABS TR T

This report summarizes the research done in the Center for

Laser Research at Oklahoma State University supported by the U.S.

Army Research Office under Contract Number DAAL03-88-K-0025 from

January 15, 1988 - January 14, 1991. The research involves the

use of laser spectroscopy techniques such as four-wave mixing,

high power picosecond pulse pumping, and time-resolved site-

selection spectroscopy to characterize dynamical optical

processes such as energy migration, multiphoton absorption,

radiationless relaxation, and the photorefractive effect in

materials with potential applications in optical technology. The

materials investigated include laser crystals such as Cr3+-doped

alexandrite, emerald, garnets, and glass ceramics as well as

Nd3+-doped garnets and germinates and Ho3+-doped fluorides. In

addition, photorefractive processes were studied in potassium

niobate crystals and in rare earth doped glasses. Some of the

results of major importance from this work are: (1) The

characterization of the properties of laser-induced gratings in

glasses; (2) The elucidation of the effects of dopant ions on the

photorefractive response of potassium niobate; (3) The

observation of a new type of picosecond nonlinear optical

response in potassium niobate associated with scattering from a

Nb hopping mode; (4) The characterization of the properties of

energy migration and radiationless relaxaticr processes in Cr3+ -  •

doped laser crystals; (5) The characterization of the pumping

dynamics and lasing properties of Ho-+ in BaYb 2F8 ; and (6) The

characterization of the pumping dynamics and lasing properties of

several Nd3+-doped crystals.
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Optical technology has emerged as a vitally important area

for research and development related to military applications.

This technology has made important contributions to the

fe-elopmenf of "smart weapons", communications, surveillance, and

display systems. The basis of this technology is optical devices

-uv;h as laser sources, light modulation devices (frequency,

intensity, direction, etc.), light guides (fibers, waveguides,

-. ), and detectors. All-solid-state systems have the advantage

,,f ruqp(iness for field operation. However, the development of

tlho-se systems is currently limited by the lack of availability of

,;ltor-i:0q with the optimum device operational parameters. The

,pa] of t-his research project was to enhance our understanding of

th-~ flndamental physical processes in optical materials relevant

t,, device operation. Only through an understanding of these

piocesspes will it be possible to design optical devices with

pr ,d ictable operational characteristics.

'This research focused on laser sources and nonlinear optical

mafrorials for modulating laser beams. The physical processes of

inttorprt are those affecting the pumping dynamics of solid state

hm-ersq and those contributing to the formation of transient and

permalont holographic gratings in nonlinear optical materials.

A'i matetrials of interest included rare earth- and chromium-doped

Iasor crystals, rare earth-doped glasses, and potassium niobate.

Ilas or- spectroscopy techniques were used to characterize the

properties of these materials. These techniques included four-

wave mixing, picosecond pulse-probe measurements, and time-
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resolved site-selection spectroscopy, as well as laser-pumped-

laser measurements.

The project was divided into three thrust areas according

the type of materials being investigated: rare ea'-Lh-doped laser

crystals; chromium-doped laser crystals; and photorefractive

crystals and glasses. The important results obtained during the

three years of this contract are briefly outlined in this section

and presented in detail in the remainder of the report.

T.1 SUMMARY OF RESEARCH ACCOMPLISHMENTS

The first research area of this contract focused on rare

o:irth-(loped laser materials. This work involved two types of

pro je(:ts: characterizing Nd-doped laser materials and

characterizing Ho-doped laser materials. Using a tunable

alexandrite laser as an excitation source to simulate diode laser

pumpinq, the lasing properties of Nd 3 + were studied as a function

of pump wavelength. The lasing threshold and slope efficiency

were measuredi as well as the spectral, spatial, and temporal

beam properties. It was found that excited state absorption of

pump photons plays a critical role in determining the lasing

properties of a material excited by monochromatic pumping. In

addition, the spectroscopic and lasing properties were

characterized for Nd 3 + in several host crystals with potential

for diode laser pumping. These included Ba 2MgGe 2O 7, Ba2 Zn 2Ge 2O7,

and La 3,u 2Ga 301 2. A comprehensive study was made of the spectral

dynamics and lasing properties of Ho 3+ in BaYb 2 F8 crystals. Time-

resolved site-selection spectroscopy measurements were used to

characterize the energy transfer and upconversion processes that
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Ir, idi to channel switching of the laser output.

l1'|,. second research area involves vibronic laser materials

1,1,( ()I chromium ions. The most important project in this area

involved the continuation of our use of four-wave mixing (FWM) to

c-haracterize the spectral dynamics of a series of Cr 3 +-doped

lar;er crystals. This has provided an understanding of the origin

,)f FWM signal in these materials and demonstrated how the

polarizability change of the optically-pumped Cr 3 + ions can cause

'population tensing" of laser beams passing through the sample.

In addition, the dynamics of energy transfer among the Cr 3+ ions

wa' characterized for different types of laser crystals and found

t-) dlepet d significantly on the concentration and distribution of

(lopant ions as :oll as the intrinsic properties of the host

matoeial . Information was also obtained on the radiationless

relaxation processes involved in pumping these materials. All of

this information is relevant to understanding the operation of

tho.qe materials as solid state lasers. FWM experiments were also

porformed on a Cr-doped glass ceramic and the results compared to

t h<ese obtained on Cr-doped crystals.

The third research area focused on the characterization of

ph(tor-f ractive materials for nonlinear optical applications.

Two classes of materials were studied: displacive ferroelectrics

represented by KNbO 3 crystals and rare earth doped glasses. The

studies of laser-induced holographic gratings in rare earth doped

ill' )focused on trying to enhance our understanding of the

piysical mechanism responsible for this effect. A theoretical

model was developed based on a two-level system associated with

ther structural environment of the rare earth ion. This model was
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applied to interpret experimental results obtained on a series of

silicate glasses with different monovalent alkali modifier ions

and a series of silicate glasses with different divalent alkaline

modifier ions. This work has lead to an increased understanding

of this phenomena and how to alter the material composition in

order to maximize the effect. In addition, applications for

optical storage, frequency demultiplexing, and laser beam

modulation were demonstrated. A comprehensive study was made of

the nonlinear optical properties of undoped and doped KNbO3 since

it has the highest photorefractive figure of merit for any

material of its class. Using c.w. laser techniques, the

properties of photorefractive beam coupling, four-wave mixing,

and the dynamics of holographic grating formation and decay were

studied. in addition, picosecond pulse-probe techniques were

used to investigate the fast nonlinear optical response of this

material. The results of this study provide a thorough

understanding of the nonlinear optical properties of this

material. Of special interest is the fast conjugate signal

,observed on the picosecond timE scale. A model was developed

that attributed this fast response to stimulated scattering from

a niobium hopping mode. 

1.2 PUBLICATIONS AND PERSONNEL

The work performed during the three years of this contract

resulted in 21 publications, three doctoral theses, two masters

theses, and numerous unpublished presentations and colloquia.

These are listed in Table I.

The personnel making major contributions to this research
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include the principal investigator, Richard C. Powell, and

several visiting scientists and graduate students. The visiting

(-ientists were:

Dr. Frederic M. Durville, CNRS, Lyon, France;

) r. Mahendra G. Jani, OSU Post-Doctoral Research Associate;

;11trf. Dhiraj K. Sardar, Upiversity of Texas, San Antonio;

Prof. Rahaeddin Jassemnejad, Central State University, OK;

I)r. Roger J. Reeves, University of Christ's Church,
New Zeland;

Dr . Andrzej Suchocki, Polish Academy of Sciences, Poland.

'hr, t ial iato students support by this contract include G.J.

,.ulr I -:, (;.[). Gilliland, E.G. Behrens, M.L. Klijewer, James D.

Allon, Michael ,J. Ferry, V.A. French, F.M. Hashmi, and K.W. Ver

;fee . Gilliland, Behrens and Kliewer all three received their

doctoral degrees from this research. They are now working at IBM

Watsotn Research Laboratories, Fibercek, and Schwartz Electro

Optics, respectively. Allen and Ferry received their masters

(nqrees from this research and are working at Texas Instruments

ird the Arm! Center for Night Vision and Electro-Optics,

roespectively. The other three students are continuing their

(qraduate studies for their doctoral degrees here at Oklahoma

State University.

It is a pleasure to acknowledge the collaboration with a

numlner of colleagues. Important contributions to this research

w-re made by:

Prof. Georges Boulon, University of Lyon, France;

Mr. Douglas H. Blackburn, NIST;

Dr. David C. Cranmer, NIST;
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Mr. (Greq J. Mizell, Virgo Optics;

Dr. Leon Esterowitz, Naval Research Laboratory;

Dr. Toomas H. Allik, Science Applications International;

)r. M.R. Kokta, Union Carbide Corp.;

)r. Shui Lai, Allied Signal;

)r. D)onald F. Heller, Allied Signal;

Firn-.ly, this work benefited greatly from collaboration with

i.';. Ar'my personnel. Dr. Al Pinto and his group at CNVEO worked

closely with us on several of these projects and provided an

important degree of rele-vance to this fundamental research

It ()(I ram.
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THESES, PUBLICATIONS, AND PRESENTATIONS

THESES

"Properties and Applications of Laser Induced Gratings in Rare
Earth Doped Glasses", E.G. Behrens, Ph.D Thesis, Oklahoma State
University, July 1989.

"Spectral Dynamics of Two Frequency Agile Laser Materials:
Alexandrite and BaYb 2 Fs:HO

3+ '', G.D. Gilliland, Ph.D Thesis,
Oklahoma State University, May 1988.

"Investigation of the Dynamics of Solid State Laser Crystals",
M.I.. Kliewer, Ph.D. Thesis, Oklahoma State University, December
989.

"S;pectroscopic and Laser Properties of Nd:BMAG", M.J. Ferry, M.S.
Thesis, Oklahoma State University, August 1989.

"Optical Spectroscopy in Li4 Ge5 Ol 2 :Mn
4 + and the Photorefractive

Fffect in Bi 2SiO0 " , J.D. Allen, M.S. Thesis, Oklahoma State
University, December 1988.

PUBLICATIONS

, r;iililand, Richard C. Powell, and Leon Esterowitz, "Spectral
arid Up-Conversion Dynamics and Their Relationship to the
lamer Properties of BaYb 2 F8 :Ho

3 +", Phys. Rev. B 8, 9958
(198 8)

MA.. Kliewer and R.C. Powell, "Excited State Absorption of Pump
Radiation as a Loss Mechanism in Solid-State Lasers", IEEE
,J. Quant. Electron. 25, 1850 (1989).

T.11. Allik, S.A. Stewart, D.K. Sardar, G.J. Quarles, R.C. Powell,
C.A. Morrison, G.A. Turner, M.R. Kokta, W.W. Hovis, and A.A.
Pinto "Preparation, Structure, and Spectroscopic Properties
of Nd :(La.,xLux)3 [Lul_yGay] 2Ga 3Ol 2 Crystals", Phys. Rev.
P. 37, 9129 (1988).
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Allik, "Site-Selection Spectroscopy, Energy Transfer, and
Laser Emission in Nd 3 +-Doped Ba 2MgGe 2 7 ", J. Appl. Phys. 68,
6372 (1990).

T.H. Allik, M.J. Ferry, R.J. Reeves, R.C. Powell, W.W. Hovis,
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(1990).
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II . SPETRL DYNAMI CS OF

RARE EARTHI- LASER CR~Y STAL S

The following five manuscripts present details of the

results obtained on several rare earth doped laser crystals. The

first involves a Ho3+ laser in a fluoride host. Holmium lasers

are becoming very important for near infrared laser applications.

Because of weak absorption transitions, it is best to sensitize

the holmium ions with energy transfer from other ions. This

study extensively documents the details of the spectral dynamics

of host-sensitized pumping in a fluoride host. It is the most

extensive investigation that has been reported on a laser

material of this class and the results provide a model for

predicting the properties of other sensitized holmium lasers.

The next four papers document the properties of Nd3+-doped

laser crystals. The first paper focuses on problems associated

with the excited state absorption of pump photons that can occur

with monochromatic pumping. This is important for diode laser-

pumped solid state lasers which is emerging as a very important

class of lasers. The results show how important it is to select

exactly the right wavelength for the diode laser pump source for

maximum pumping efficiency. The other papers document the

spectral and lasing properties of Nd3+ in three different crystal

hosts. This work is part of a survey we are doing to identify

host materials for Nd 3+ lasers with enhanced absorption

properties for diode laser pumping and with enhanced properties

for Q-switching. The results demonstrate how the spectral

properties change for different hosts and help provide a data 0

base for the choice of the best host for a specific system.
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Spectral and up-conversion dynamics and their relationship
to the laser properties of BaYb 2F8:Ho 3+

Guy D. Gilliland and Richard C. Powell
Department of Physics, Oklahoma State University, Stilhvater, Oklahoma 74078-0444

Leon Esterowitz
Naval Research Laboratory, Washington, D.C 20375-5000

Received 25 September 1987; revised manuscript received 7 July 1988)

The optical spectroscopic properties, energy transfer, up-conversion transitions, and lasing dy-
namics of BaYbF:Ho3' crystals are reported here. The positions of the various Stark components
of the different J manifolds of Ho" are identified, and the branching ratios and radiative decay
rates were calculated for the Ho>' levels from the Judd-Ofelt theory. The fluorescence-decay kinet-
ics of the Ho 3 ' emission originating on the 5F5 and 'S 2,5F4 levels and of the Yb 3 > emission were
measured and analyzed with two energy-transfer theories. These calculations show that the Ho' -
Yb3 ' interaction is greater for ions initially in the 5F5 level and that the diffusion of excitation ener-
gy among Yb1 ' ions is a thermally assisted incoherent hopping process with a diffusion constant of
1. 1 !0- " cm 2 /sec at 3X) K. The kinetics of the up-conversion processes were modeled with rate
equations. It was necessary to include the effects of stimulated emission at 551.5 nm and three suc-
cessive energy transfers from Yb 3 ' to I-o 3 + to adequately describe the spectral dynamics of the up-
conversion. The efficiencies of the different laser transitions were found to be dependent upon the
pump power used. The output of the shorter-wavelength transition (0.55 .m) increases at the ex-
pense of the longer-wavelength transition (2.9 pim) as the pump power is increased. The 2.9-pmI
laser action was found to have a 15% energy conversion efficiency and a slope efficiency of 4.5%
when pumped at 1.047 ,um.

I. INTRODUCrION been analyzed and related to the stimulated emission at

2.9, 2.0, and 0.55 jim.
The phenomenon of "frequency up-conversion," the

conversion of infrared light to visible light, has been ex- II. EXPERIMENT
tensively studied in systems containing rare-earth ions, The sample used for this investigation was a single
and up-conversion pumping of rare-earth laser systems crystal of BaYbF 8 containing 7.0 at. % 1103' ions
has been demonstrated.' - '1 This can be an important (9.o 1020 cm --3 ) and 93 at.% Yb 3 ' ions f1.2,. 2()2

technique for switching lasing channels. Important fac-
tors in the choice of a host material which affect the 30
eticiency of emission for this type of the tip-conversion
process are the ability of the host material to accept a 5 H 6
large concentration of the optically active ions, and weak G

electron-phonon interaction so the radiative rates for the 25 4

visible emitting states of the activator ion are large in
comparison to the nonradiative rates, . 19 7 5,

It is well known that holmium ions can produce stimu- ,.,20- / 5 5

lated emission at several wavelengths in the infrared por- 7 E / X S -'4

tion of the spectrum [2.4,3 2.0, ' and 2.9 1im (Refs. 5 and Q
6)] and also in the green region.) When co-doped with yt- % 15I
terbium, holmium can also convert infrared radiation
into green emission efficiently enough for stimulated Q55 PM

emission to occur. - " 10 F51 5m

In this paper we report the results of an extensive 6,9) .
investigation of the spectral, energy-transfer, up-
conversion, and lasing properties of BaYb2 F8:lto 3 ' crys- 5 7 P
tals. The energy levels and some of the relevant transi- 2 po,

twiis for Ho3  and Yb 3 ' are shown in Fig. I. The results 2

of measurements of the absorption and emission spectra 3 2F7/2 8
at various temperatures as well as the results of a Judd- Yb Ho 3 +
Ofelt analysis 5,20 22 are presented. The important FIG. 1. Energy levels and model for up-convcrsio , i in-

features of two different up-conversion processes have frared light.

38 9958 6j 1988 The American Physical Society
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cii '). It had a diameter of 5.0 mm and a length of 7.0 transition of the Yb " ions, and several absorption bands
MM, Iie host cry'stal has the same structure as between 1.1 and 2.0 pin due to transitions to tie lower-
hlal in , hitch crystallizes in the monoclinic syngony lying energy levels of (lie Ho' ions. Figures 31a)-3(h)
,iih t%%) moleulcs per unit cell.2' The space group show the spectra of the visible and infrared emission (if
is ( I ;(; - withi lattice parameters a=6. 894A, I lo' ions and the iiear-infrared emission of Yb' i' is at
h 1).53 A. =4.346 A, and f3=99* 18 '.26 The Yb 3 

, 12 K. Figure 3(i) shows the 2 .8 -pm emission of lh'' at
tonls sit ini a ,;tl of eightfold coordination with F anions room temperature since it was too weak to detect at 12
and form aslightly distorted Thomson cube.25 TheHo3  K. The additional lines in the spectra at higher tempera-
ions substitutc for the Yb 3 , ions. The host crystal is a tures are due to absorption from the thermally populated
single-center system, and the low symmetry of this site higher Stark components of the 5[g ground-state multi-
implies that all degeneracy in the electronic energy levels plet of Ho3 -

is removcd except Krameis's degeneracy. 24  A comparison of the emission spectrum of Yb3 -at 12
The absorption and fluorescence spectra were obtained K shown in Fig. 3(f) with the absorption spectrum at 12

%%ith standard spectroscopic equipment. For time- K shown in Fig. 2(b) demonstrates that both have the
rcsoled energy-transfer studies, the excitation was pro- same general shape. From this we conclude that the
.idcd by a nitrogen-laser-pumped dye laser with either splitting of the ground-state manifold 2F7/2 of the Yb "

(.ounirin-540A or DCNI dyes. For stimulated-emission ions is about 760 cm-'. In C,, point-group symmetry
ineastirenients, the primary output from a passively each J manifold of Ito3- is split by the crystal field into
mode-locked Nd:YAG (YAG denotes yttrium aluminum 2J + I non-Kramers levels, while each J manifold (f
ariictl laser having a pulse width of 50 psec was used to Yb 3 , is split into J + 1 Kramers doublets. The crystal-

pump the sample. The laser-performance measurements field levels of Ho 3+ have been identified from the absorp-
at 2,1) pin were done using the primary output of a tion and emission spectra of BaYbFg:fo 3 * and are
NdYI.F YLF denotes yttrium lithium fluoride) laser at shown in Table I. It was impossible to identifv the
1.047 pin with a 60-lisec pulse width as a pump source. crystal-field levels of Yb 3+ due to the lack of resolution of

the broad, overlapping levels.
Ill. ABSORPTION AND EMISSION SPECTRA The Judd-Ofelt theory ?1 1 2t was applied to the room-

temperature absorption spectrum of this sample to deter-
Figure 2 shows the various regions of the absorption mine the radiative decay rates and branching ratios of lhe

spectrum at 12 K. The spectrum is characterized by transitions. The oscillator strength of a transition ol
sharp lines in the visible region due to transitions within average frequency v from a level J to the level J' is ex-
the 4f'1  configuration of the Ho 3, ions, a broadband pressed as
with structure in the nearinfrared due to the FF7/ 2-2F5 /2

12D , " 22.5

.9.0 (818i.0 (b)

'6.0 -I

3 ,0 - -., 4 .5 -

200 400 600 800 900 920 940 960
inml ( Inm)

13.0 ' 16.0 T

1QL4 ()12.8 <d)

'E 78 - 9.6

52 6.4

2.6- 3.2-

1125 1135 1145 1860 1880 1900 1920
(rim) (nrn)

FI6. 2. Ahsorption spectra of BaYh 2fR:Ho" at 12 K. (a) Transitions to the 'I, and higher levels of tio' (h) transiti(n, to ihe
F, , le ,els of Yh' (c) transitions to the 'I, levels of to ; (d) transitions to the 'I, levels of Flo
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]'hJ;;hJ')=(8rr2 mn')/[3z 2J + l)e2  Srl)(uJ;bJ')=[(e2h2)/(41n 2c 2 )1

x[S f(aJ;bJ')+S.1D(aJ;bJ')] (1) x I (f V 1L +2Slf J') 12 (2b)

where (he electric-dipole and magnetic-dipole line respectively. Here, a and b represent the other quantum
strengths are numbers designating the states, f" represents the elec-

S -f, , 1  12 (2a) tronic configuration, U"' is the tensor operator for
,=,.b.), Uelectric-dipole transitions, L +2S is the operator for

magnetic-dipole transitions, and , are the phenomeno-

IABLE I. Energy levels of -o" ions in BaYb,Fg. logical parameters associated with the crystal-field envi-
ronment of the ion in the host. The reduced matrix el -

Energy Energy ments in Eqs. (2a) and (2b) have been calculated else-
(cm -) (cm- ') where 22' 27 and are essentially invariant from host to host.

0 5F, 15506 The oscillator strength of a transition can be calculated

31 15 538 from the absorption spectrum at room temperature using

45 15545 the equation

75 15 586 f =(mcn2)/(re'Ny)f o(v)dv (3)
78 15630 •
115 15662 where m and e are the mass and charge of the electron, c
125 15696 is the speed of light, N is the concentration of absorbing
141 15701 centers, and for(v)dv is the integrated absorption cross
173 15713 section. ,Y is the correction term for the effective field in

205 15715 the crystal and is approximated by .ED=n(- + 2) 2 /9 for

243 'S,,'F 18515 electric-dipole transitions and XMD=tl for magnetic-*

255 18549 dipole transitions where n is the refractive index of the

270 18560 host. Measurements of the dispersion curves have no(

317 18608 been performed on the host at this time. A value of
360 18622 n = 1.6 was used, which is similar to values of the index

V/. 5166 18660 of refraction for other fluoride materials. It was found
5175 18681 that varying n over a reasonable range of values did not*
5178 18695 significantly alter the results of the Judd-Ofelt analysis.
5181 18702 By combining Eqs. (1)-(3) and using the reduced ma-
5187 18713 trix elements calculated by Weber 22 for Ho>", the phe-
5198 18718 nomenological parameters 12, were determined from a

5200 18 723 least-squares fit to the absorption spectrum. These were
5204 18730 found to be fl,=0.96 X 10- 0 cm 2, nl4 =2. 12 x I0- -" cm',
5222 18755 and 2 6= 3 .2 5 X 10 - 2 cm 2. Using these results, the
5284 206019 spontaneous-emission probability can be obtained for
5361 20648 each transition from

5364 20683 A (aJ;bJ')=(647r4 v 3 )/[3(2J +l)hc 3 ]
1, 8673 20734

8703 20747 X (,YFDSED X-NDSMD ) . (4*

8713 20777
8716 1H, 27563 The radiative lifetimes and branching ratios can be deter-

8719 27609 mined by

8731 27655
8736 27732 rRi =IX A (,) , (5)

J
8764 27778
8767 27840 f3(i,j)= A (i,j)/r, (60
8773 27 871
8779 27933 where the summation is over transitions to final states j.

8911 28011 The results of this analysis are summarized in Table 11
13 221 28 121 and are estimated to have an accuracy of ± I10.
13 257 28 32)
13 348 28450 IV. ENERGY-TRANSFER PROCESSES
13 364
13 371 Many theories have been developed to describe energy
13378 migration and transfer between ions. Each of these

, 13380 theories is limited to a specific range of parameters for
13416 which it is valid. 28- 33 The results obtained in this work
13514 are analyzed with two models which are valid Coo
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TABLE I1. Radiative decay rates and branching ratios for Ho 3 + transitions in BaYb 2FB:Ho 3+

crystals.'

Initial Terminal
level level A (i,j) (sec-1) O(i,)

517 518 120.44 1.00 8.3 msec
51, $1, 25.87 0.09 3.5 msec

S 262.63 0.91
315 5l" 7.32 0.035 4.7 msec

,1, 122.15 0.579
51s 81.50 0.386

5 1. 515 4.52 0.044 9.7 msec
51" 38.77 0.376
517 49.65 0.481
5IS  10.30 0.099

5F5 514  0.055 2.43 x 10' 422 psec
515  8.31 0.0037
51o 110.48 0.049
S1, 429.39 0.190
5IS  1818.20 0.757

'S,, 5 F. 5F5 2.13 0.0004 190 psec
514 48.70 0.009
515 146.70 0.028
V1 283.67 0.054
51, 800.35 0.152
5IS  3981.90 0.756

fl -0 96 X 10- cm:; t14 = 2.12 x 10- 20 cm 2; fl, = 3.25 X 10- cm 2 .

different circumstances. The Ho 3 +-Yb 3 + energy transfer of sensitizer ions while Yb 3 + ions play the role of activa-

is consistent with a single-step process while the Yb 3+ -  tor ions. Justification for the assumption of no Ho 3  -

Ho 3 energy transfer is consistent with a model in which Ho 3
, interaction is based on the relative concentrations

energy transfer between sensitizer and activator ions acts of sensitizer and activator ions. Because Yb' ' is a

as a weak perturbation on the strong diffusion among stoichiometric component of BaYb,F 8 and there are zp-

sensitizers. proximately ten Yb 3  ions for every Ho " ion, the

The typical ion-ion interaction mechanisms involving nearest-neighbor environment of optically active ions sur-

rare-earth ions are the electric multipolar mecha- rounding the Ho 3 + ions consists almost completely of

nisms.i'- 31 The strength of the interaction depends on Yb 3 + ions (assuming no clustering of Ho 3  ions. rThe
the distance between sensitizer and activator ions as R -', Ho 3 '-Yb 3 - energy transfer can involve two sets of

where s =6, 8, or 10 for dipole-dipole, dipole-quadrupole, electronic-emission transitions, 5S 2 , 5F4 -51, and
and quadrupole-quadrupole interactions, respectively. 5 F 5 -- 5

I 7 , which are both resonant with the 2F, ,-2,

Inokuti and Hirayama have derived an expression for the absorption transition of Yb 3 '. Therefore, the branching

time dependence of the sensitizer fluorescence in the pres- ratios for each of these transitions need to be considered

ence of energy transfer to randomly distributed activator to determine the effects of competing processes. It' the

ions,M 11o3+-Ho 3
, interaction is present, it will involve resonant

lItj= A exp[ -t/r- F( I -3/s C/C,,(t/-) 3/'2 1 (7) emission and absorption transitions between the excited
state, 5S 2 , 5F4 or 5F 5, and the ground state, 51" of H!o'

where r is the intrinsic lifetime of the sensitizer in the ab- By assuming only nearest-neighbor interactions and using

sence of activator ions, C is the concentration of activa- the branching ratios listed in Table II, we estimate that

tors, C, is called the "critical transfer concentration," 1 the Ho 3'-Yb 3  interaction is 3.3 times more probable

is the gamma function, and -1 is a normalization con- than the Ho 3 -Ho 3' interaction for ions in the 4'F state

stant. The critical transfer distance R 0 can be deter- of Ho 3 + (see Fig. 4), and in the case of ions in the )S,, F4

mined fom C, by-; ', t  states it is 1.1 times as probable. For randomly distribut-
ed Ho 3  ions the Ho 3 -Ho 3 , interaction would be o er

R 3/4C,,) distances much greater than nearest-neighbor separations

A. Ho1 '-Yb 3' energy transfer and thus the interaction strength will he significantly less
than the estimates given above. Therefore, the I fo'

As a first approximation, we assume that the excitation Yb 3 
* interaction strength is greater than the l o ' -lI h'

energy residing on the I1o' ions does not migrate be- interaction strength, and as a lirst approximation, the
tween Ho 3  ions, but is capable of being transferred to theory of Inokuti and Hirayama can be used to charac-

' i , ions. Thus for this case the Ho' ions play the role terize this case.
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195 erated from Eq. (7) were fitted to the data by treating

12K C/C 0 as an adjustable parameter for each type of in-

200K ------ teraction (s =6, 8, or 10), and values for R, were deter-
15.0, mined using Eq. (8). The temperature dependence of R,

__ ffor these initial conditions is plotted in Fig. 6.
E I The coupling between the Ho 3 ' and Yb 3 * ions with

' rthe former initially in the 5F state was also investigated

X ,using Eq. (7) to fit the fluorescence-decay curves. The in-
trinsic decay rate in this case was again determined from

"6,- the exponential tail of the decay kinetics and %as found
to be in substantial agreement with the measured %alue
obtained in a sample of BaY,F,:fto" which contains no

15 " __ Yb 3 + 2 The interaction mechanism in this case was
610 620 630 640 650 again found to be electric-dipole-dipole. Hoinever. ihe

X (nm) strength of the interaction, as well as its temperature

FIG. 4. Comparison of the absorpton spectra at 12 and 200 dependence, is different. The strength of the interaction.
K 1tor he 'f', level of tlo' . which is reflected in the magnitude of the critical interac-

tion distance R 0 , is shown as a function of temperature in
Fig. 6.

ro characterize the energy-transfer processes. the ki- Examination of Fig. 6 shows that the intcraction
ici.ics, of tile fluorescence transitions between the initially strength between Ho l' and Yb * ions is slightly grealier
excited slates and the ground state of the Ho 3 + ions was when the Ho 3- ions are in the T/:, excited state than
itniitored. [he fluorescence decay from the 5S, 5F4 lev- when they are in the 'S,.5F excited state. The altie ,l
cls ol I Io' was nicastired by monitoring the transitions R, for the former case is close to the nearest ntuekh,<r
crininai(ing oin tile ground state at several temperatures distance between lo" and Yb' tons, which is ,ippt 05-

iangiZng from 12 to 300) K. Figure 5 shows the decay of mately 2.7 , whereas tile value of R, is slighitl -iiialer
lie fluorescence intensity at 12 K along with least- than this for ions in the 5S ,5F, states. If the IIo' ' tot

squares fits to the data using Eq. (7) for different multipo- are directly excited, the temperature dependence (of ile
lar interactions. The best fit for all temperatures is for interaction strength can affect the temperature depen-
the dipole-dipole interaction. The decay curves are all dence of the integrated fluorescence intensity of the Yh "

clearly nonexponential at short times for all temperatures ions. Figure 7 shows the temperature dependence of the
and tend asymptotically toward an exponential at long integrated fluorescence intensity at 1.0 pm due to Yh
times. The intrinsic decay rate of the Ho 3 ' ions was emission after two types of excitation. After pumping the
determined from the exponential part of the decay curves 5F5 state of Ho 3  the interaction strength is independent

approached at long times. The theoretical curves gen- of temperature and the Yb 3  fluorescence decreases

monotonically with temperature due to some quenching
1 _ __0 mechanism in the Yb t  ion, possibly energy transfer to

10.0 the '16 state of Ho ' . The situation is quite diffterent in

the case of excitation into the -SFY states of Ho -

5.0 The temperature dependence of the Yb 3 " emission for
this case increases to a maximum at approximately 50 K
and then decreases. The interaction strength depicted in

.,'N
-

o5 • "--- -- --- v•
01 60 120 180 24) 270 10 20 3

t (psec)r (K)
FIG 5. SF emission at 12 K (dots), along with theoreti-

cal fits from Inokuti-Hirayama theory t€s=6. solid line; =8, FIG 6. Temperainre dtependence of R,, for 5F, and 'S:5F
short-dashed line; s = 10. long-dashed line). states calculated from lnokuti -Iirayama theory.

•~~~ • •
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IA transfer kinetics, while for strong diffusion thle theory
0-jS2%developed by Chow and Powell 29 gives the appropriate

-~ ~- 5Fdescription. Both theories were fitted to the data oh-
-7 F5 tamned heie and it was found that the parameters describ-

ing the energy transfer are consistent with the strong-
n diffusion model.

The equation governing the excited sensitizer concent-
- i~.tration nl (r, t) is29

all r, t) 3n (r, t)-+ D V 2 nr, t) - v (r -R, )n(r, i,

100 20030 Here, )3 is the intrinsic decay rate of the sensitizer ions, D
T (K)is the diffusion coefficient describing the energy migration

FIG. -. Temperature dependence of integrated Yb- em, among the sensitizer ions, R, is the position vector for a
,,ion for F and 'S:. 'F, excitation, given activator ion, r is the position vector for the sensi-

tizer ions, and v (r - R,) is the interaction strenigth for a
given sensitizer-activator pair. The second term on the
right-hand side of Eq. (9) describes diffusion amiong the
sensitizers, while the third term describes thle sensiticr-FI. h shows the samne type of temperature dependence activator interaction. The solution of Eq. (9) was oh-

tor this, excitattion. Thus the increase tin thle fluorc.scnce tamned by Chow and Powell for a dipole-dipole interac-
ilcisit at 1 0 pmi uIP to 5n K is due to thle increase in tton, where or -R, i~t/ r -, which is weaker
hie initeractioni strength betwkeen the Ho3  and Yb than energy transfer by diffusive migration. 'lic solutio,

torts. aind the decrease iii the fluorescence intrnsit,: bove of Eq. (1) was then averaged over a uniformily ratidoni11 AC-
5'- ) K is due to both the decrease ]it the interaction tivator distribution. Most theories, includ ig t hi onc,

stiegtharl thequechig oftil Yb ' eisson en- assume a uniformly distributed lattice of' senlsitizers, so
[I'Mcd iho, e.that a single avera'ge hlopping time canl hf uJsed to dce-
BI. Yb' -Fl1o energy transfer scribe the random walk of the excitation eniergy, cexci-

In"This situnation Should be valid for tl"host -

Ilcc.c use of thle larve conccn tratiorn Of Yb i o,, , 9 3 sensitized"' energy, transfer tin thIs c rystal.
m bOert thle Yb, 'onts play tice role of sensitizers the Thre intensity of sensitizer tluorescence ci veti by C(lo%%

ritiitistcp ditfusion anioiu2 scis iszcrs is domnrant over anrd Powell is 2

ii sitigic-stvp~ di rc, t ransfer fromin i ted( Yb' [(i t,( = exp[ - t 7- 141, t I 10)n
tin ities -ited fio 'ott. Fotr weak ditfusion thle theorv

ot VK, .111id I lilo 100.....describes the ciereray- where tht energy-transfer rate is ai veit by

'c I4-rDan; [ - (I'7tr V4-, t, t ( ot2 ttj a f d~crra erfer o/r 4L~ )t

8 tZ I L J, ir (t,/r crt'cf r -a 41)1 I

II ci(c. is thle act is .t r t rappintg radius, aind the lower dependent of temperature. For eachti of data tie %a lid-
lorors it the integrals do trot cxtCrld ito zero due to the ity of thle Chow-Powell theory was e.\atniitedl. Ulic a,,-
tiitc ocarest -lineihor distance 11cir wecu thle sensitizer sumptions made in derivinrg Eq. It)0) lead to tlie coirdi-
.rttcl 1L11%.iors. [le relatiorn betwkeen it arid R., is t ion> ")-rDa'a z I . IThis restriction Was fonitld to he %'al-

id for every set of data examined, typically giving i ahie
of 31 .8 for the left -hand side of thle intequalitv. ..- \ ii exam-

R r "112) pIe of the best tit to thle decoiy kinetics of Yb, , tliissiiii

at 12 K is shown tin Fig. 8.
Thle tem peratutre dependentcies of" thle dithisori Cotist iit

where -i., the intrinsic decay timle if thre senisitizer. The D and setlsitizer-activator interactrion strength it obtatr1cd
ittegials appearintg in Eq. I I ,were evaluated numerical- fromt [the Chiow-Powell t heorv are shown rr i-igre 'I, re

k ind [the sens tizer-ac ti vatr inrteractiton Cionstanit aC, diffusion contstant inc reases withI t cinpe)rat Lirc amid is
dthst ii cioefficienlt P, and trapping radius a were deter- I . I II) " cm'/sec at onei. [lie long Ifim e of V5., 4

iii~ ~ ~ ~ _ tcdb elr na nionlittear least -squares lit to the msec, ensures that thtere is sutficient popuilationi ti thIis
dat a I lic int rinsic decay trifle of the- Yb - - emis- state f or t ite resontant cross- rela at ion process froiti Yb
sic"l ii hs beeti determined pres iously it) be I .8 msec, 54 M- 10 Ho' - tol occur oilt ilie tifle scale of t ile Yb' cm issloit
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lOG0. 15_ _ _ __ _ _ _ T0

12 K

5.0 4.0

1.0-

1.00
O 100 200 300

0.5- T (K)
FIG. 9. Temperature dependence of diffusion constant and

sensitizer-activator interaction strength calculated from Chow-
Powell theory (solid line is theoretical fit for D, dashed line just
shows trend of data).

65 13 95 20 2 be responsible for the up-conversion. '' One possible

t(Psec) mechanism is the sequential absorption of two pump pho-
tons by a single ion. Another possible mechanism is thle

I t;5 b emission wkithi Chow-Powell lit (solid line) at 12 absorption of pump photons by more than one ion with
Kthe subsequent energy transfer to the emitting ion.7' Thle

following results indicate that the !atter mechanism is thle
dominant up-conversion mechanism responsible for thle

IP-( O)N 11RSION AND STIMULATED-EMISSION green emtsston in IBaYb.,:Ho 3 ,for both types of excita-

PROCESSES tioti.

yb3 The kinetics of up-conversion processes cai be
Mlaterials cotitaining both Y>and Ho"~ ions can modeled using rate equations. The emission fromo

efficiently convert I .O-ILm radiation into visible radia- 5S2 
5F4 _-.5Is transition of Ho3 after excitation into thle

tioti. , " 1 14- 'Q As can be seen from the energy-level 5F5 level of Ho03 , state can be modeled as shown lit F111.0
diagram for Yb' -and Ho 3 shown in Fig. I, Ho 3  has 10. The first step in the up-conversion 300 K. Thie
several nearly e lally spaced energy levels giving rise to diffusion length can be determined from
trmnsitions which are coincident in energy with the

... Yh" transition near 1.0 Izm. The green 1
einirssiot corresponditng to tilhe 5 S, 5 F4 .- 5J transition of Ld = ( 2D 7)l I3

l1o is seen when the sample is excited with either of
i%%( Ioiiger swascletieths as discussed below, hut thle mech- and these values are listed in Table Ill. The accurac\N of

:misii lr t lie uip-conv ersion in each case is different, these energy-transfer parameters is estimated to lie

i herc ire .e~eral mnultiphoton mechanisms which can ± 10%. Figure 9) shows that thle sensitizer-activator iii-

TABLE Ill. Energy-transfer parameters.____

12 K 250) K

R(A) Rate at 2.7 AR,, (A) Rate at 2.7A
(sec' -, sec

Ho' - Yb 3  transfer
1 - 2.6 1. 3> XW' 2.3 4-9,< 103

il,1.7 l.0, 10' 2.1 3. 0 10'

12 K 250t K

Yb' -Ho" transfer
1) -21. It0' cmn/sec 1) =1 5 10 "'cm 2 ,ec
R 3. 56 AS -A) R,=2.54 A (S- A)
R 10. 3 A (S-S) R,= 13, A (S-St
L, 27.5 A L, =8 4 ,.9 A

D 1)- 1. 55 10W" cm 2 /sec
B =. 1, o,.( 10~ c-m/sec

A=73cm _________
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3 7'3below, point to the second mechanism as the dominant is
20 X the resonant cross-relaxation process

J Ho3+ ( 5F),Yb3 + ( 2F 7
/ 2 ))

- Ho 3 (1 7),Yb 3'( 2 F5 , 2 ))

F i s The relative probability of this process is related to the
15 I branching ratio for the Ho 4 transition, which is listed in

, ITable II as 0.19. Therefore, this transition is one-fourth
I ,as probable as the transition originating from this excited

I level and terminating on the ground state. A rate-
, 2F /2  equation analysis of the energy-transfer rate between sen-

0 10 I "2 4 sitizers and activators, when two energy levels are taken
"t 6 to characterize these ions, gives a relationship between

w 6 I ithe energy-transfer rate and the risetime of the activatorII emission 40
Xtm =(pr _rp, )-I ~ p )

-Ps -PsA In[ Pr4 ( P ,) (14)

7 SI
"  po

where P' and P are the radiative rates of the sensitizer
and activator, respectively, and PS. is the energy-transfer
rate. The Yb 3 + emission has a risetime of 4 ltsec for this
excitation which implies that the Ho 3 '-Yb 3 ' transfer

5 I occurs with a rate of 1.5 X 105 sec Thus this first step
L- O 3+ '8 7 ?2 in the up-conversion process also explains the observedo3 + 3+3

Ho Yb+ Yb3 +emission. The second step in the up-conversion

FIG. 10. Energy levels and model for up-conversion of red process can proceed by one of two mechanisms. The first
light, is a resonant cross-relaxation between two HoI ' ions,

I Ho'+ ('F,),Ho03 -017))--- I Ho'S+('I, ),Ilo3' (5F, )) ,

and the second is the absorption of an excitation photon
teraction strength has the same temperature dependence by a Ho 3 + ion that has already participated in the first
as that calculated for the Ho3--Yb 3 - transfer from the step and is in the 5I7 level. The last step involves both
themry of Inokuti and Hirayama. The major difference is weak fluorescence from the 51.'3 level followed by fast
that the role of the sensitizer and activator ions are re- nonradiative decay to the 'S, F4 states and the green
.CPrsCL inl these two cases. For resonant processes the in- emission.

teraction strength is contained in the overlap integral be- If a second cross-relaxation process is responsible for
tween the sensitizer emission and activator absorption. the excitation into the F 3 state, then it will originatc oil
Fhe magnitude of the spectral overlap changes depending the 53, level of a Ho> ion which has already undergone
On which ion acts as sensitizer and activator due to the th51lelofaH inwic saradudrge
onergy whi fo actsassionforoti and ctivato due tont the first cross-relaxation process. The reason for this is

However, the variation of the spectral overlap with tem- that the radiative lifetime of the 51, level is ) msec while

perature is essentially the same for both cases.

S[lie actual measurement was performed by pumping absorb a photon, undergo cross relaxation, and then ab-

the '.,,5 F4 states of Ho " and monitoring the Yb 3  sorb another photon, it would require that the cross-

em,,sion. The population of the Yb 3  excited state is relaxation process be faster than the duration of the

achieved by the resonant cross-relaxation process pump pulse. This rules out the sequential two-photon
mechanism because the pulse width of the laser excitation

io S , -, b.Yb -F ,,2) is 10 nsec, and the cross-relaxation time, reflected in the
3 risetime of the 2F5 ,, Yb 3 + emission, is 4 psec at 12 K.

,[ IHo '
5( l ),Yb 3 (-F5,) . The rate equations used to analyze the spectral dynam-

Ini ally the population of 51, is equal to that of the 2F, 2 ics are

state of Yb 3 '. Therefore the energy transfer from Yb 3  ds
to Ho' can take place via two types of processes. The =Vn ,S -YJ - Y ~ 11 n - f! ] , I 5a)
first is transfer to the 51. state via a phonon-assisted ener- (t

gy transfer. The second is the resonant cross relaxation

b FYb2 , 1=t n  - -0 [4_K

The temperature dependence and difference in rates be-
tween resonant and nonresonant processes, calculated (I 5b)
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TABLE IV. Parameters obtained from the rate-equation

dt ( 2 - 14  )--l2
t2 analyses.

- V n,(S -s ) Y1s It I - Y2n 2 2  Activator Coefficient Transfer rate

+}'2n4 (NV--nl -n 2 --, -n 4 )--3 5 2  , (5c) level (cm 1/sec) (sec

dn Up-conversion of red pump light at 12 K
.... =Kn4  -3ilt A (15d) Y, (so) 2.1 × 10- 1" 2.5 x 10
dt yI (n] 3.0x 10- ' 3.0x 10'

dn 4  V2 (nl) 5.Ox 10- 9 5.X 0'
d = Y211111 2 n4 (NV -111 -n2 -n3 -n 4 ) -' (So) 5.7x 10-" s  6.8x 1'

K 2.OX 10' sec'-- (r+/3 n4 ,(15e)

where S=sl +s,) and N=n0 +n1 +n 2 +n 3 +n 4. s i and Up-conversion of infrared pump light at 300 K S
n, are the populations of the ith energy levels of the Yb 3+  V, (no) 7.0x JO-," 6.3 × 10'

ions, 'F 7/ 2 and 2F,/2, and Ho3  ions, '18 , '1 7, 5F5, 5S 2, , (s0 ) 31x 10-z 12.0
.,, and 5F1 , respectively. Sand N are the total concen- Y2(so) 1.4X 10 - " 1.7 x 10'

trations of Yb' ' and Ho 3, ions, W p is the pumping rate X3 (tt2) l.Ox I0 -  1.0× Xo
for absorbing photons from the laser excitation, X, yI(s() 2.0 x10-' 7  2.4x 10'
(I = 1, 2) is the energy-transfer coefficient, y, (i = 1,2) is , I.00 cm 3/sec
the back-tranifer coefficient, 13, is the fluorescence-decay 4 0.05 cm 3/sec
rate of the 2F,, level of Yb ' , 13, (i = 1-5) is the 71 10 psec
tltiorescence-decay rate of each Ho 3 - level as shown in 7' 10 psec
the tigure, and K is the nonradiative-decay rate from 5F 3
to 'S,.!, •

These equations were solved numerically on a DEC rate to ±10%. The intensity of the green emission as a
Micro-Vax It microcomputer using a fourth-order function of laser-pump power is found to be almost quad-
Runge-Kutta method in order to find the transient solu- ratic, as shown in Fig. 12. This is expected for any two-
tions. A b-function excitation was assumed and the four photon process. Figure 13 shows the excitation spectra
transfer coefficients were treated as adjustable parame- for the green up-conversion along with the absorption
ters. The observed fluorescence intensity from each level spectra in the region of the 5F, state of Ho3 . The exci-
will be proportional to the population of the level. The tation spectra have been corrected for variations in laser
time evolution of the fluorescence emissions from the power and the penetration depth into the sample. This
2"., level of Yb 3 ' and the 5S,, 5F4 levels of Ho 3' are shows a one-to-one correspondence with the positions of
shown in Fig. I 1. The solid and dashed lines represent the peaks in the absorption spectra.
the computer-generated least-squares fit to the data using The kinetics leading to the green emission from the
the theoretical model described above. The data taken at 5S 2, 5F4 levels after excitation into the inhomogeneously
12 K were analyzed because the 5F 3 emission is too weak broadened 2F 5/2 state of the Yb 3 ' ion can be modeled as
to detect at higher temperatures due to the increase in shown in Fig. 1. The first step in the up-conversion is the
the multiphonon emission rate with temperature, and the energy transfer from Yb3 + to Ho3 ,
Yb3 - emission is strongest at 12 K, as shown in Fig. 7.
This analysis provides a fit of two sets of data with the Yb 3 +(2 F5s 2 ),Ho3 +(5 [)) b I yb 3 ( 2 F,,),Ho3 (5l,))

same set of adjustable parameters. The best-fit parame-
ters are listed in Table IV and are estimated to be accu- 100.

1.0 ,

* , \A 12 K
0.8 \ ,3

HcP+.10-

0.r.

a 57

.3+ /
o 2 . \,.____ ___ __ ___+0o4

0.21 :Y6' '-.

1-- 1-5 10 50 100
30 90 150 210 27 0 4 w )

t(1isec) (l )
FIG. 12. Power dependence (if green up-conversion., obtae-d

1-1 I I Decay kinetics of emission from 2F,2 level of Yb by pumping 'F", and ohserving green emission from 'S_.'F, at
and 'S,. 'F, level of Hto " at 12 K with rate-equation fits. 12 K.
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1.01 dn 2

12 K dt0.8-0. +Y3n 3(S-s, )-l 2n 2 - 2 n 2p 2 , (16c)

50.6 dn 3

Q0 4 p ,I -Pl/7 (16e)
Q2 Idt 6Pn

.. .. dt=021 p+3 2 n + -P2/r 2  ( It

6325 6385 6445 where the definitions of the parameters are as described
A (A) following Eqs. (15). lere, s, and ni afe t lie populations of

FIG. 13. Excitation spectra for green up-conversion in the the ith energy levels of the Yb 3 ' ions, 2F7, and 21*5;2,
region of 5F, level of Ho3 at 12 K (dashed line) along with ab- and Ho'+ ions, 51, '1,, 5',F 4 , and '1, respectively.
sorption spectra in the same region at 12 K (solid line). Terms representing stimulated-emission transitions from

levels ni and n, are included in the model. Stimulated
emission from n occurs at 5, ' 2.9 pm, and p, represents

This is a nonresonant process and the difference in energy the total number of photons at this wavelength in the
i,, made up by the emission of phonons. As can be seen sample. 01 represents the stimulated-emission parameter
from the energy-level diagram, Fig. 1, the energy which is related to the stimulated-emission threshold, and
mismatch is about 1700 cm 1. The phonons in this ma- 71 represents losses in the sample at this wavelength.4 '
terial have a maximum energy of approximately 4 1 450 Stimulated emission from n, occurs at' 551.5 nm, and P2,
cm I; therefore the phonon-assisted energy transfer takes b2 , and r2 represent the same parameters for this transi-
place with the emission of at leas, four phonons. The tion. As shown below, it is necessary to include stimulat-
back-transfer rate from Ho 3+ to Yb 3 . should be smaller ed emission at 551.5 nm in order to explain the observed
than the forward-transfer rate by a factor of3  power dependence of the green up-conversion and the ob-
[exp(AE/kBT)]', where AE is the energy of the phonons served lifetime shortening. The stimulated emission from
absorbed. This difference in rates is approximately 3 or- n, must be included because we have determined the
ders of magnitude at room temperature. The next step in threshold for laser action at5 2.9 pim to be 80 mJ corre-
tie total scheme is the resonant cross-relaxation sponding to a pumping rate of 4.3- 1t) 21 photons/sec.

yb 3 ( 2F,,2), Ho 3 ('I,) This threshold occurs at a considerably lower pumping
rate than that used in our spectroscopic measurements

2F7/2 ),Ho-(S,, F4 )) . ( 1024-1027 photons/see). Omission of this term will lead
to nonphysical values for the energy-transfer coellicients,The third step, which is necessary in order to explain the tending to overestimate the forward-transfer coellicitits

observed dependence of the green-emission intensity on y
infrared pump power as discussed below, is also resonant. Figure 14 shows the power dependence of the intensity
This process is of the green fluorescence versus the power of the infrared
YN" . 2F5,2),Ho' "-(55 ,,'F ,))  pump laser. The data show the presence of saturation

effects since the slope is much less than quadratic, as is
Yb3'-(F,,),Ho3( 3H)) . usually expected for a two-photon process. At a pump-

ing rate of 4.0X 1026 photons/sec the slope of the curveIn both of these resonant processes, back-transfci cannot shows a significant increase which is due to stimulated
he neglected. The presence of back-transfer was con- emission. The change in slope corresponds to the thresh-
firmed experimentally by the observation of the emission old for this process and is consistent with the onset of the
at 1) 11m due to Yb' after pumping the 5S,, 5 F4 and observed lifetime shortening discussed below. This power
'fI, Atles of Ho 3 '. Tile risetime for the Yb' emission dependence was modeled using the rate equations given
was measured to be 15 psec at 12 K. in Eqs. (16). These equations were solved numerically us-

The rate equations for this model are ing the same computer procedure described above. A 5-

function excitation was assumed and the transfer
IV S - y- Yt) N -nI -r,-n3) coefficients 2 1', y'l, and the stimulated-emission pa-

(it p 2
rameter 02 were treated as adjustable parameters. V, can

-yln (S -s, I- Vsn + }' 2niS-s 1  be estimated from the risetime of the 1.2-pm emission
and yl was chosen to be approximately 3 orders of mag-

- Y;spn2 4-y~n)(S -s )-/& ,16a) nitude smaller, as discussed earlier. Y1 was chosen to be
dn 7.OX 10- 18 cm3/sec, agreeing with earlier estimates, 1,37
d t 5.V -nln n-n2 Yin IS - 5 1 and y, was chosen to be l.0, 1) 21 cm3/sec. y2 can be

measured by exciting llo' in the 52, 5F, levels and- Y2s, n '2n2~ 1S -/-[ --,b~np 1 , ( 16b) measuring the risetime of the 2Fs 2 Yb 1 emission.
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100 . becoming limited by experimental resolution. The time
evolution of the green emission below this threshold was
also calculated from the rate equations and is shown
along with the experimentally measured data in Fig. 15.

Under the condition of low-power infrared excitation
10 67 the lifetime of the green transition is measured to be ap-

. proximately 47 11sec. When the excitation power is in-
*" s, creased to the threshold value of 4.0X 1026 photons/sec

.-----............................. .....- and above, the shape of the decay curve abruptly
.5 changes. The short-time emission decays much faster

1- 5S. Ss2 F 5than at low excitation powers, and the long-time decay is
the same as for the low-power excitation. The ile value
of the decay curve is plotted as a function of pump power
in Fig. 16. The general shape of these data is similar to
that reported in Refs. 42 and 43 and shows a definite ex-
Qitation threshold. The fact that the intensity of the

1025 1026 .27 green emission increases instead of decreases above this
P (photons/see) threshold value confirms that we are observing a gain andnot a loss mechanism. The increase in intensity is a result

FIG. 14. Power dependence of green up-conversion, obtained of the stimulated emission which causes the emission of
by pumping F_ level of Yb 3 ' at room temperature. photons at earlier times (lifetime shortening), thereby in-

hibiting the third energy-transfer step.
The model presented here has one more energy-

From these measurements y2 was calculated to be transfer step than is necessary to explain the population
1.4 10 17 cm'/sec. The measured fluorescence-decay of the 5S 2, 5F4 states by the up-conversion mechanism. •rae wThe additional energy-transfer process to the 3H6 levelchoesertoe 1pse c the timesition ataes lit to ps w must be included in order to explain the observed powerchosen to be 10 psec, the time it takes light to pass
through the sample. 42 01 was chosen to agree with the dependence shown in Fig. 14. This level acts as a "sink"

threshold for the 2.9-pir laser action using the equation for the excitation since population can accumulate in this
level or decay into levels other than n I or n2 without be-

t z=i Vb )- (17) ing recycled into these metastable levels on the time scale •
of the green emission. Without this additional energyThis is obtained by defining the threshold as when the level the green-emission intensity dependence on pump

gain terms equals the loss term in Eq. (16e). The result- power cannot become sublinear. In this case the model
ing best fit to the data is shown as a solid line in Fig. 14. is essentially a closed system, on the time scale of the ex-
The values for the adjustable parameters obtained from periment, because the decay times are much longer than
this lit are listed in Table IV and estimated to have an ac- the observed risetimes at which the data were taken. The
curacy of -.- 10%. saturation behavior of the population of n 2 would, at

The peak intensities of green emissio, plotted in Fig. p
14 and in the theoretical fit were chosen at the peak of
the rise in the number of photons, pz, in the sample. This 100. ,
time was about 1.5 lisec for pump powers below the
threshold for stimulated emission in the green transition. 0
and became shorter above the threshold, eventually

-10

..-.. ,0 \300 K
706 8

.. ,.1.0
50.6

041 0b 9 .0.2

30 60 90 120 150 0.1 4 12 20
Z (pisec) Energy (mJ/pulse)

FIG. 16. Decay time of 'S 2,5F4 at room temperature as a
FIG 15, 'S,. F, decay kinetics with rate-equation fit. function of excitation power showing lifetime shortening.
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20 diffusion constant is difficult since the details of the exci-

ton band shape are not known. A rough theoretical esti-
16 mate for D can be obtained by considering the rate of en-

ergy transfer between two Yb 3' ions. Assuming that the
2 interaction mechanism between Yb 3+ ions is dipole-

E dipole in nature, the energy-transfer rate between two
U* 8 ions separated by a distance R is2 s 3 1

4- P(R)-l--!I%/R 6 
, (iS)

where R 0 is again the critical interaction distance. For

100 200 300 400 500 multistep energy migration, the diffusion coefficient can
E (mJ) be expressed in terms of the interaction rate between ions

as
45

FIG. 17. Conversion efficiency of 2.9-;tm laser output, pump-
ing with the 1.047-y.m output ofa Nd:YLF laser. D _6L 2P(R )p(R )dR (19)

where p(R) is the probability of finding an ion at a dis-
* tance R from the ion at the origin, and for a random dis-

best, decrease from a quadratic to a linear dependence on tribution is given by 45

pump power, and the slope could not become any smaller
without this additional level. p(R) = 4rN, R 2 exp( - 4rN, R 3 /3) . (20)

Figure 17 shows the laser output energy at 2.9 /m as a With these expressions the diffusion constant becomes
function of the energy input into the crystal at room tem-

* perature. Laser action was achieved by end-pumping the D = -(N7VR /r )f R -2exp( -4TrN, R3/3)dR . (21)
laser rod with a Nd:YLF laser constructed in-house. The
pump laser had a wavelength of 1.047 A.m and a pulse Note that the lower limit of the integral is taken to he the
width of 60 Asec. The YLF laser was operated in the smallest distance between Yb 3 + ions. Using the value of
long-pulse regime with no mode-selective elements and a d=2.7 A along with the concentration and intrinsic de-
30% output coupler. Output energies up to 750 mJ are cay rate of Yb 3 , ions, N, = 1.2 X10 22 cm -' and 7 -I

, obtainable from the pump laser. The 2.9-Am laser cavity =555 sec - ', the integral in Eq. (21) can be evaluated nui-
consisted of a flat high reflector (greater than 99% merically to give a value of 1.23x 10", yielding the resul
reflecting at 2.9 tm) and a flat output coupler (approxi- D= 1.7X l0 31R6 . 2
mately 90% reflecting at 2.9 Ar), separated by 5 cm. An 0 (-

energy-conversion efficiency of 15% is obtained with a Using the values of D calculated from the Chow-Powell
slope efficiency of 4.5% and a fractional pump light ab- theory, the value of R0 can be calculated. At 12 K, R,,
sorption in the rod of 0.33 times the incident energy on equals to 10.3 A, while at 250 K, R, equals 13.8 A.
the laser rod. The threshold for 2.9-ym lasing action was These values are listed in Table 111.
found to be 80 mJ of incident pump energy. Antipenko The temperature dependence of D, shown in Fig. 9, can
et a/.' have reported a conversion efficiency of 7.5% using give some qualitative information about the exciton
the 1.061-jim emission from a Nd:GSGG (GSGG denotes motion in the Yb 3 ' system. Figure 9 shows that D in-
gadolinium scandium gallium garnet) laser as a pumping creases with temperature, which implies that the exciton
source. The increased efficiency obtained here is a result motion is a thermally assisted incoherent process. This
of the larger Yb 3 ' absorption coefficient at 1.047 Am. can be represented by
Similar results were obtained using an 80% reflecting
output coupler, suggesting that the threshold and extrac- D(T)=D(0)+B exp( -AE/k B T) , (23k
tion efficiency are dominated by scattering losses in the
rod. where D (0) is the diffusion constant at zero temperature,

The saturation of the 51(, population mentioned earlier AE is the activation energy of the thermally assisted pro-
in connection with the rate equations is not evident in cess, and k8 is Boltzmann's constant. D(0) is the reso-
these results. This is because the pumping power is not nant contribution to the diffusion, and B is the parameter
large enough for the second energy-transfer process in describing the nonresonant contribution to the diffusion.
Fig. I to become dominant over the first energy-transfer The best-fit parameters obtained from a least-squares-
process. fitting procedure are listed in Table Ill.process.ONAs shown previously, the results of the lnokuti-

V. DISCUSSION Hirayama analysis of the Ho 3 + -Yb 3  energy transfer

To interpret the data presented above, a theoretical es- and the Chow-Powell analysis of the Yb3 -- lo, , energy
timate must be obtained for the magnitude and tempera- transfer are related in terms of transfer and back-transfer
ture dependenc,: ot D, and relationships between the vari- processes. The differences in the magnitudes of the
ous energy-transfer parameters must be established. The energy-transfer rates aie associated with the changes in
physical meaning of the stimulated-emission parameter the role of the sensitizer and activator ions, which change
must also be determined. the spectral overlap due to the energy shift between ab-

A theoretical calculation of the magnitude of the sorption and emission transitions. Because most of the
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energy-transfer processes take place with the activator preted accurately by models with time-dependent transfer
ion initially in an excited state, it is not possible to calcu- rates, such as those of Inokuti-Hirayama and Chow-
late the overlap integral since there is no excited-state ab- Powell. These time-dependent transfer rates manifest
sorption information available on this material. For this themselves predominantly in the early portions of the de-
reason it is not possible to correlate the transfer rates cay, where the constant transfer coefficients give a poor
with the spectral data. fit, leading to nonexponential decays. The parameters ob-

The computer models used to explain the two different talied from these models should be taken as approximate
types of up-conversion also provide values for the average values of the real time-dependent values of the
energy-transfer rates. In order to correlate the transfer energy-transfer rates.
coei.cien.,n , ith th. tr:;isfcr rater obtaim'."d from the two The stimulztcd-cmi-zion parameters used in this ,tndil

energy-transfer theories, it is necessary to multiply the of the infrared up-conversion are related to the threshold
transfer coefficients by the concentration of the initial ac- for stimulated emission. The spontaneous-emission term
tivator energy level.17 The appropriate levels for each in Eq. (160, a 2n 2 , acts as a feeding mechanism for the to-
transfer coefficient are listed .in Table IV. Because the tal number of photons of a particular wavelength in the
pumping rates used in these experiments do not deplete sample. The other two terms in this equation are com-
the ground states to any appreciable extent, the excited- petitive in nature. When the gain term 0 2n2p 2 equals the
state populations of Ho 3

+ are quite low compared to the loss term P2 /r 2, then threshold has been reached. Substi-
ground-state populations. Therefore, in order for the tution of the values from Table IV into Eq. (17) gives a
forward- and back-transfer rates to be equal for the reso- value for n2 of 2.0X 1012 cm - 3. This implies a threshold
nant transitions, the transfer coefficients must be several of 1.5X 104 W/cm 3 for direct pumping of this level, and
orders of magnitude different. In addition, the transfer consequently a higher value for the threshold for infrared
rates for two different resonant transitions may be equal, excitation of Yb3 + . For a pure two-photon process
but the corresponding transfer coefficients may not be without losses, the threshold would be 3.OX 104 W/cm3 .

equal. Previous studies3
11 i 12,14,

37 using similar rate- However, losses in this system are not negligible, as dis-
equation models have assumed that the resonant transfer cussed earlier in connection with the saturation behavior
coefficients are equal, instead of the resonant transfer and inclusion of a third energy-transfer process. As a re-
rates, as done here. suit, the actual threshold for stimulated emission in the

The risetimes of Yb 3
, emission after pumping the 5Y5  green after infrared excitation would be still higher. Ex-

and 5S, 
5F4 states of Ho 3 + are 4 and 15 zsec at 12 K, re- perimentally the threshold was observed to be 75

spectively, in agreement with the difference in the in- MW/cm 3 for infrared excitation. The simplified model

teraction strengths. The risetime of the SS2,5F4 emission used to describe the stimulated emission is largely respon-

after pumping the 'F 5 level of Ho 3 " is 48 usec. From sible for the discrepancy in threshold values.4 3

these results and Eq. (14) the rate of the second transfer At the high pumping powers used here, the efficiency
process in Fig. 10 can be calculated to be approximately of the infrared excitation of the green emission is not as

2.0 . It)4 see - . This is in good agreement with our rate- high as at lower pump powers. This is reflected in the

equation results listed in Table IV (5.0× 104 sec - ). The saturation oftthe power dependence shown in Fig. 14, and

nearest-neighbor energy-transfer rates predicted from the in the population of n 2 obtained from the computer fits.

Inokuti-Hirayama theory are smaller than the rates pre- This is a result of the third transfer process becoming
dicted from the rate-equation models. This is a result of more effective at higher pump powers.4 '4 The saturation
the neglect of back-transfer. The energy-transfer rate of the population of the 51, level shown in Fig. 14 is also

predicted for the Yb 3+-Ho 3+ interaction from the evident in the laser output at 2.9 im when large pump
Chow-Powell theory is also smaller than the rate predict- powers are used.4 This is a result of the difference in
ed from just the Y2 term in Eqs. (16). Both energy- transfer rates obtained from Eqs. (16), V I(n 0 ) and V2(i I.

transfer models suffer as a result of neglecting the back- Because the first transfer from Yb 3' is nonresonant while
transfer of excitation energy, whereas the rate-equation the second one is resonant, the population of 51, starts to

approach properly takes back-transfer into account at the level off at a specific pump power, 4 = I kW/cm . as a re-
expense of using time-indeper.dent transfer rates. suit of the second transfer becoming more efficient at this
Neglecting back-transfer causes the sensitizer-activator power level. The saturation of 51( has been observed44 at
strength to be underestimated. a pump energy of 0.6 i/cm3 or 2.7 x 1023 photons/sec for

The rate-equation models were used to fit the time a crystal containing 0.5 at. % Ho 3
,. This is slightly

dependence of the up-conversion emission. The results larger than the value calculated here due to the difference
are shown as solid and dashed lines in Figs. II and 15. in concentration of Ho' ions.
The theoretical calculations agree well with the risetime Another mechanism for decreasing the 2.9-ntrr laser
and asymptotic (t -. o ) behaviors of the data, but the fits output at high pump powers is population of the te ninal
are poor in the the time region just after the maximum level of the 2.9-ttm emission, 4 51,. The 517 state is meta-
population of the level has been reached. The reason for stable, having a lifetime of 9 msec, so that population of

this is that the transfer coefficients used in the rate equa- this level decreases the inversion for the 2.9 -tim
tions were time independent, and hence the only time stimulated-emission transition. There are two effective
dependence in the transfer rate was contained in the con- mechanisms for populating the 517 level after 1.0-ltm
centration of acceptor ions in the specific level involved, pumping. The first, which is the dominant process at low

ihe decay kinetics shown in Figs. 5 and 8 can be inter- pump powers, is nonradiative decay from 511 to 17. The
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second process, which only becomes effective at high nearest-neighbor Ho 3 - ions since energy migrates from
pump powers, is a result of two cross-relaxation processes one Yb 3  to another until a Ho 31 ion is close enough for
after the third transfer from Yb 3, to Ho 3 '. The third the transfer from Yb 3  to Ho 3, to take place.
transfer populates 3H, and then nonradiative decay to Multiple energy-transfer processes were shown to lead
5G4 occurs. 44 The first cross-relaxation is to up-conversion, switching of lasing channels, and satu-

ration. An important conclusion is that a model with just
I HO' - (5G 4 ),Yb3 (2 F 7 /2 )) two transfers from Yb 3 I to Ho 3, is insufficient to explain

the observed data.4 44 Energy transfer from Yb 3 ' to
I Ho3+(F 5 ),Yb3 +(F 5/ 2 )) Ho 3+ in the 5s2, 5F4 states resulting in excitation of the

The second cross-relaxation is Ho" + ion to the 3H 6 state must be included for" thc high

3 t pumping powers used here. Therefore, as the pump
oI I-lu (F 5 ),Yb + (F7/2)) power is increased the efficiency of the short-wavelength

Ho3 +(0 7 ), Yb 3 +(2F5 / 2) "  stimulated emission, 0.55 im, increases, while the
efficiency of the longer-wavelength stimulated emission,

Both are resonant processes. The second cross-relaxation 2.9 jim, decreases. At still larger pump powers the third
is exactly the first step in the up-conversion of 640-nm ra- energy transfer causes the 0.55[im stimulated emission to
diation into 551.5-nm radiation, Fig. 10. This is the con- be less efficient.
nection between the two up-conversion models. This The laser-performance results for the 2.9-jim laser ac-
process is only effective in populating 517 at high pump tion have shown that the efficiency of the laser action can
powers, because the third transfer from Yb 3 + to Ho 31 is be significantly increased by pumping into a Yb 3 ' spec-
only effective at high pump powers. A result of the in- tral region with a larger absorption coefficient. Since the
crease in population of the 5I17 level is an increase in the Yb 3+ absorption peaks at approximately 960 nm at room
output at 2.0 jm. This mechanism should become temperature, diode pumping should be an effective
effective in populating 517 at the pump powers at which it method of achieving improved efficiency in the 2.9 -jtim
becomes necessary to include the third transfer from laser action. However, as we have shown in connection
Yb'- to Ho'-. with the rate-equation analysis, the efficiency of this laser

channel is limited by saturation effects, and therefore the
VII. CONCLUSIONS very large difference in the absorption coefficient at 960

nm as opposed to 1047 nm (greater than an order of mag-
The characteristics of the interaction between the nitude) may not be reflected in the increased elficiency of

rare-earth ions in BaYbF 8 :Ho 3+ crystals in several ener- the 2.9-jim laser action.
gy levels has been calculated and it has been shown that
the interaction is electric-dipole-dipole. The coupling
between Ho 3 * and Yb 3 + ions is greater for the 5F5 state ACKNOWLEDGMENTS
of Ho 3 - than it is for the 5S 2,5F4 states. The multistep
migration of energy among Yb 3 , ions is much stronger This research was sponsored by the U.S. Army
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Excited State Absorption of Pump Radiation as a
Loss Mechanism in Solid-State Lasers

MICHAEL L. KLIEWER AM) RICHARD C. POWELL

.tbstract-~Th chajracteristics of' oplical puimping dynismics occur- H.* ALEXANDIrh LASER PUMING; oi: Nd-YAG
rioig in tlu',r-po Wie~d rare curti li-do pa.'i, solid -slale laser materlen s Nvere
ii~esliguiled lay usingi u tuniable ale~andrite laser toi puimp A ii alexarnd rite laser with an Output tunable bet ween 725
'A130'.. Nd ' iii anl iplicai caityil. It ils as found that the stlope ciii- and 790 nmn was used to pump an Nd-YAG crystal. TIhe

cient:v lt* the Ndl laser operulioan depends strongly on1 the wavelength of us it fteaeadrt a bu 0isF IN
I he punip laser. For pa nip %%aiVCICllgIIs restillinag it tow slope cicieia- uewdtofheaxndrewaabt6(ps WI i
cies, itlealse litioresceaaee emission is aahscrved fromitn samIple inth and the maximum pow~r obtainiable was 2t) W ait i recei)-
h1iuc-grecin spectral region. This is iattributed ito thre excited slate at)- tion rate ot'20 Hz. The spectral width of file laser' is i)
sorin i pump photons wtaich ociirs ditring radijaliunless relaxationa proximately I nm FW H M
Fromi litec palalp hand toi the niclaislaujic stale. Tis type of process will The crystal was mounted in a cavity consisting ol a l100
~selit aniprt lossih lamccliiais. oohoai iplgo ae percent reflector with a 50 cmn radius (it' curvature and( at

S)Sv~ls a spcifc lim waelogils.flat 85 percent output coupler. T'ransverse pumlipinig was
employed with cylindrical and convex lenses uised ito to-

1. 1r N140ICtIcrION ens tlie punip laser bleami in at line along (lie letgrli oft the

S ELLLC'l'VEIiLY puimping rare earthi-doped solid-state Nd-YAG sample. In this way, anl efficient ptimupi g oll
llasers inl Pump bands only slightly higher in energy figurat ion wats achieved. The power incidenta on t lie Nd

thanr the lasing mie tastablIe state is desirable because there Y AG crystal and the powver Output fromn (lie Nd YA( laser
Is less pumip energy converted to heat thani there is in were measured simultaneously with two cal hintedpaw

p broad-bauld pumllpinlg rhrormhottilicth spcctral region touch meters. The Fresnel reflections andi absorption of' the Iia-
higher in energy. T11h mall qulantuml detect associated terial were considered whenl calculating thlpimci. at)
with this type 01 low-energy mronochromiatic pumiping canl Sorbed by tile crystal. 'lie liro)icsCeiICe emuissionl Irai theC
increase the etlicrency oit laser operlation and decrease sam"ple was sent through at 1 /4 11 irruriiiiehioruntor, tIC-
probleirts arising I roml thermal lensing. 'Fhe development tected with an RCA C 310 34 phltinirllt ipl icr Itube. annd-
(Ii diode lasers as pum~p Sonurces has led to thle construct ion I yzed by at boxcar integ rator, amd recorded oni LI Can It c
14 comopact. solid-state laser systemis JI11-161. However, corder. 'The experimnental setup showin in kgi. I ril it
tire po wers and wavelengths presently available fiom possible to Mneasu re the tlioresCicItisil h11N11 114i1 whti Ic
diode laiser p[Linip Souirces arie limlited. Pumping with a' thre saurple was lasing al I .0) pinl and ilt IlrL' .,hserrea'L ilt
itinble ale xairdrie laser cair be 11.seltul ill5m liII1.tilng diode lasinrg. T'he Satmple was 0.28 Ciii lotte and i'r.(ilt~~Lkl all)
Inetr piiping and extendinrg potential laser pumiping to proxilirately I X 102"' Nd' ' ionas/cmt'.
hr~ihr pmvc'r and ditlereCit waveleirgilt regions. in addi- Fio.. 2 shows tlie etriy levels ot Nd diald liilt L\I1
ttiiti, Jlli soine hig.h-power Inset applications, air alexan- cleetrotric tranisitionts whlre pirlpitwi willa I V/ i1n,1 kr
drite laser. may be ain ideal ptip source for at rare earth- shrows thre absorption sliectitrini ill Nd ' it 'At ;i lit tht
di iped si ilid-state laser. lutlltiirg region ot' the alexaiidiie lInset. Ilie siitiitijs, tre

IrIe resu\,lIts of all inivesti ation o01 thre spectral dynamlics to the transitiOtis ito various Stailk colirpoticitid it Ire 'S,
oftia Y iAlsOI2 Nd' INd-YAG ) laser pumrped by an al- + 7 / levels. Tlhe alexandrite laser, otput Is ti(ied o%,tl
e xaudrite laser are presented hrere, Thcse results Show im- thie ihsrorpuRttr tansit ions sliowtr itt Fig. 2, a tier which
porinit dlferences between broad-baird frequency pump- rad iationless relaxation occurs to the mc. rruislable
Intg and monochromantic putmping , demtonstrate the state. Fluorescence occturs trout the *'h*, level iti t lecv
imiportance of completely characterizing the ptimping dy- els belonging to tlire 1/ terirt anid, above thtresliiln, lIrsrtt
rarriis lit laser systems, and 'Show the effects of, exerted occurs inl the 41~. 'i trat4st1rr1
sitr absorption (I EStl Iit punirp photons tion levels above Figs. 4 atnd 5 show tire roo0tir tertieratinIC IliklCteI rCe

Irec lnsinag transition onl the ,lope etticiency ofi the laser spectra betweert 300 andt~ 900( lint of Nd YAt liripel 1
olirilli. anl aleXaidr'ie laser at 734.t0 andi~ 748.0 imi resperiCL'IIb)

ItI reCOtdimrg these spectra, at filter Wash il"isl toi eliartitanlc
N\~i- ruit lecivcn I-eliruary s, 1,)8) 1111, wuik va sutiine,i iy lilt scattered laset- light(, anld thIs alsiro eijiiijtaiCs huntj Irle le.

', 5\ I.y Kcsu~ir..h ('cicran .,ilit: U S Aim), Rc~ciurkii (I )ic corded spectra sonmc of tlire eittissiot mistiitirs. (Ciiccrrrilrg
tic litr, ( K 7i7h ctciuciu 'is~ k~iiii ocU between 600 and 770 rnt. A netral denrsity lilici rtled a

liLI i; Nuiuktucr 5'I284 i( 4.0 0.1) was tused when rcrrditg tlie t~ultrscnC~IeC chitls
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InI order to excite the higher lying fluorescence levels 1. -

pro~ducing thle emission shown in Fig. 4, it is necessary
tor two pump photons to be absorbed. For energy to be
conserved, tie energy of thle transition from thle ground 1.

state to) the final level miust match the sum of thle energies 1.

of thle two photons inunts any energy lost through radia-
tionless decay processes. By studying the energy level c
diagramn in Fig. 2, it is clear that the only path for thle ~
required two-photon excitation process under these pump- ~
Ing conditions is for the first photon to be absorbed by a
transition to one of the Stark components of the 4F7 /2 +
4S51 ' levels followed by radiationless relaxation to the 4.0
levels of' the 2H,/ + 4 F51 , manifold. The second photon
is absorbed before the ion call continue relaxing down to
thle 4 F312 metastable state. Depending on the exact energy
t0l thle pump photons, there is a good energy match to 7401 . . . . -

730.0 7007.0760.0
transitions terminating onl the two Stark components ofWaengh(m
thle 'P3/ 1_ level. In this level, there is a branching ratio for Fi.6. 420 ni excitauion olN-A wav en (n)dwt Ii tmso
fluorescing and radiationless relaxation to the lower 2D5/2 a NdYa O whe pnxad ii ied ihIi iii5ii

and] 2P 11 levels from which some fluorescence also oc-
cuitrs.

Excitation spectra of the emission in the 420 nm spec- 03
tral region was taken in an attempt to verify the above
interpretation and the results are shown in Fig. 6. The (N
peaks in the 420 lnt excitation spectrum are different from /3
the absorption peaks in Fig. 3 and correspond spectrally 0.20 .. ,

to (lie energy differences between thle different Stark contl-/
ponents of* the 4F,, + 2H.,1/2 manifold and the Stark levels 7 /

othe 2Pj ,I, mol pet The excilalt io speetrimo of' the 870) 0

nni emission was also) measu red and ibo nd to contai iii te 0 1 0 -

Samle featuires ats thle ahsorptimn Spectra shiown in Fig. 3.

111. EFFFTr OF PUMiP PHOT ON ESA ON SLOPIT

Fig. 7 ,fhows the results of measuring lasing thresholds riPiOWL1 A8Wi~t8FD (Waiiv)

and Slope efficiencies for Nd-YAG Pumped at different Fg. 7. Powcr tirestiil aii sitqw iliciciity Iim NdI Y',\( ptimmpc- h ,1

wavelengths by an alexandrite laser. It should be noted ji 717nil loserin.hedldlieitiIl l lc li
thatl no attempt was Made to optimize thie sample or cavity
parameters to obtain the best possible operational char-
acterist ics ot an Nd-Y AG laser. The puirpose of this work the entire range of' ptilO[inlg po()vcis. I llowevei r o tihe
IS ti0 demon11strate how these characteristics vary ats at lime- Pumiping conditions resulting in low values to thle sliope
lion o4 pump wavele~gtll. The results show only smiall elliciency , thie slope of thle curve ofI ineas iise 1tower itli-
changes in [lhe lasing threshold as at functionli of puimp put versus power absorbed decreases ait hiighi Pumip pmvW-
wavelength, whereas the slope elliciency varies signili- ers. This is associated with the ptimp pti\Vcr dlepenidence
cantly ats thle Pump laser is tImeId across the absorpt ion of thle I3SA loss mnechanism.
hand ol' Nd-YAG shown in Fig. 3. Th'le slope eliciency i1, is dletinled as5 11, 1101

'I lie vertical lines in Fig. 3 identtfy the spectral posi-
(Linu, of' thle P11111I) wavelengths resulting in excited State.-
aIhsmirpt ion frm tie 'F,,, + 211L, 1 ? levels to the 21", : en-it
ciey levels. Fo',r 753 6 tim excitation), no ESA ol' puimp
phiitiuis ~ccuirs and at slope etfictency of' 10 percent is oh- where X,, anld X, are- thle 1)(1ilil aId milltit waivcCiletlls, .
takllied, whlile fo(r 737 0 lilt excitation, IESA 011Lll pu pipho- is tile iptit coupler transmnission, L. I" tlie s'liilhlle hiss
((lws redutces thle slope etliciency to only 6 percenti. For Per pass, and C Is thie (hal tr-ausiiuissto l t[ime ca-tvity [till
tile poulllpinlg conlditIis resuilting III high values, o)t tile rmis. lb. is thle pulipltg cihiciency amid IN ulLICiId~ 1is tilC
slope cihicieuicy. there , iso chanllge inl thie Slope ofI (le numbher ill' ions exciteul to tile iin~l oit lie 1.11iLii2tuis
(lcastured piiwcr 4ilitltit ver-sus pms.cr .lhslibld curve lIVer Himl piroduhced Per~ photon ai(ihu1ci
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TI e I -S A of I' pump1 photons f'Ound to occu r in levels negligible f'or somet punip wivelerigts wile Ic fr other
ablove fihe uipper level of [Ihe lasing transition canl he taken wavelengths, this loss mechanism dominates thle pumltping*
itoI( dccLL4111 (hl b efiiiiiog thie pipilig elliciency ats dynamics to thle extent that thle slope etficiency is greatly

a(I I' 
1

[A )(2 ) decreased. '[his is the first observation of' a loss ijeclia-
nisni in lasers due to excited state absorption of pumnp

flItqiii 2) IN is vlid \S ien (lie excited state alisorptIln p11(ons0 taking place during relaxation ltom the pumip
dossN sct ion is ouch girealer thanl the ground state ab- hand to thie nitastable state. T1his will not be ats significant
5101tiIIlil cr055S NCtLol1 id~t~ tile late of' tiotradiaitive relax- af loss mechanism lbr broad-band pumIpinlg because thle

jonlIl aloWIMwald is toIUCh ereater tllali tile rate Upward dueI punip phlotonls are spread over at wide range of' thie crier-
to) excited stawe absorlptionl. '[ile SIOlle efficiency call be gies. However, f'or nionoclironliatie puimpinig by laser

Cxt H s sources with all thie pump photonts having thle Salle enl-

1 (3) ergy, this canl be thie doiminant loss mechanism. Since
4') I -~ nultiphoton absoi l)t ion is power-dependent process. iiiis

he )I',' IN iS ell in (I Iwkith r,, r'eplaced by 71; an iljl loss mechanism will be most Important f'or highlpsser
is, t1i1' Cx cat 'd ,tatle ablsoi Pt iou eflicienicy deli ned its pumping situations. Howvever, even for low-power diode

laser pumping. tile loss via this mechanism mayl noat he

,Vk:11d (1 M tie CciId tat desit an exite Stte Othecr types of excited state absorption processes are

aid (limi aiethecx e sui.rsetiely enity' andexcieds sate well known ats loss nmechan istms ill laser systems. Thiese

~i 11 ll It III' ie iong espectil, fom heic leelaoe include up-cotiversion entergy transfer th-rough ion ion Ii-i

ticA hip0('i N OCCx eI of t tel e dthsitio bsfr to whic the teractions 181 and thle excited state absorption of photons

l.Yn\I h ll Il ln a's e occur l. is t e d p h o' a or i n (i t e that are part of' the laser em ission I1101. It is not suirp tisilig

lalliiP hilit i the ~ltit~le.that excited state absorption of pump phiotonts cart becomie
HIC IIL' IN SA o pum plilonspresnt a varous lt1p(1rtanlt Under thle conditions of' high-power laser p~i)Ip-

1p111111 k%515 ClICltlis Call be described by (3). For 753.6 niln
1xitt il I eC~ is no( blueC eIiioli detected and thle tog. However, it Is sur'prising that thle second step) Ii thle

m~m u s lopec~ilec is oaie. [Tus, it is as- two-photon absorption process occurs before thle lmi hars
ccopletely relaxed to tlie lowest l ying mnetastable state.

sh1111101 lf1;ht lucrle is no FS, (1i 11111111) pholtonls fromn levels ThFiis allows many different transitions to take place ill ftle
OtWt I I I)~CI cxI\' o[ tile hasiitg tr'anlsit ia and thle value excited state absorptIion prFocess, and tIlereloie ellhlail1ce'

11I1 It Lcilt obta1:ined( to tile slope efficiency tunder these tile etfeet ot'Ihl))s loss niehiaIlsiii. 'Thle chiectivenless ut) tlis
IiIiIgM coillaliT ois Is taen as tIre itialXiti])l value Iaor loss miieliinisii depends on tile relative rate ot the oo'

11" ?1, Is issiaiio'd it) be ntile in tile absence oh' [ESA 01' Ptt0 ll radiative relaxation ot (lie Ionis ini the Iiial staIte 0t lit

1 i(talrs. hitl will v'amry with punip waveletngthi. 'Fle ESA tratsstion cotilpaicd to thie rate iaf' xcitedI State ahsomptiai
cthiciemcx' and tlie excited state absorption cross sectioni The exponential eniergy gap law 112 1 predicts at multi-
canrlbe 'ls'icriited by lilting (3) tio thle slope eflicienicy phiotin decay rate tkar tile 'F,,,, terml oti the ordert oht I10t
t.'lll\,xc slmk~ ni Iii Heli. 7. An example of' this type of' fitting s-' , whereas thie [i-S A ptlip rate at threshold
is slnxo s ai snjd lfire ill thle figure fo(r 7 37.0) nm pumIp-
ri. Ilir iimal c(Itiii itia , a Boltzmrnn distributionl pie- ( -I(5)

(lit I,, that aboutl 2.S percent of' thle population ol' thle ex-\Io/
sIte Ad Nt;tt' will be fil tle speccific .Stark comiponenit of' tile isol(eorrof1'sI

HL, -V eesIrol hc S oc rs.Ftting (3) It should also be p)oinlted Ottt that We have obser-Ved this
IIn Ire results nibtiieu for 737.0 nm excitation yields at new type of' loss mechanism when putmping itti (lie IF,
'.aloe to101s a (1 . 108 at thie puitiping tfr'esliold. 7'IFSA energy levels 113 1. iii a large nuniber of Nd-dopecd laser

nI IJcas I 111Ca111)y wii tlt ~e poawer absorbed by (lie material materials and Ii laser mvaterialls based onl other tileearth
bcause~ a1 atWs linrear Olependency onl power absorbed, ions such ats Er" . Thus, it appears thlat this is if generat
Us'in ilie vialire fo)r 9, with (4) gives an excited State losm hasmttmyheialIlr-uipd oi-

;tbsm i ptlali cross sectionl ouf 4.6 )( 10 - ' cmi2. T[his is coin- lostatechnsnta a i l laser' sstmsbaed onrae ailr ins

sisteilt wvithi reslts l'otid f'rom two-phioton absorption saelsrssei ae(olrr aii os

studies tif Nd ; . ions iii sol1ids I I11. The reason for this Rt-.t:l:Rt-.NClIS
claive lY litrge v'alue is probably due to strong admixture 110;/oi oe im.adR1 1 r l(Wl.II

ofI tre (I ww'lvetirctuais in lifte high lying 21,, level. qtiecsa hmat Ite h cr diode un alua)i Nd YA(; It ser. ' O)pt t , /I Ia

1), pp. (2 *M. 198S

IV I rsIS StI(iN ANt) CONCLtUtSIONS 121 F~ ttlinm mi .1I) 1tIIdtk. ''I iicr miod i dt pmaat ,Ilatlaa ne i a Icamla
imia I;It'r l. ,' 11,1d 0Opa . VioI 27. Pp KOi-913 I'IXX

'T'le tesriis iliscttssed above show that alexandrite laser 131 R4. L. Biyer, ' tDiodct kaser-auiaaptd S0ait'LalIC IsCr * .5.iaaa a

pumped Nd-Y AG lasers can have a pumip wavelength- 239). Pt1 742 -747, 19iXX

dependent loss muechanismu associated with thie excited l FhF T iaa ti 14 i. Frttr t andc4 IacpiapO 1412t'. I'9 'rs

state :-1 Thhrpnt, itio pumnp pioons. Trhis loss mechanismn is Ill G T'. ktakerS ) Keen'a. .anc "I I I'et'immi. "Niode t' kcd idat
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Single crystals of lanthanum lutetium gallium garnet (LaLuGaG) were grown by the Czoclralskt
pulling technique. X-ray diffraction and elementa, analysis performed on these samples indtcatc
that these garnets do not form with simple stoichiometry described as I LaIfLu]2: IO 2 but with
increased Lu concentration in the dodecahedral site and Ga occupancy in the octahedral site. Opti-
cal absorption and fluorescence spectra confirm these results, showing inhomogeneous broadening
of the spectral lines of Nd3,. Various laser gain measurements were performed ott
ILa _,Lu, [Lu, _ , Ga , ]2GaO, 2 crystals containing 4.3 and 1.3 at. % Nd3 + to determine tie use-
fulness of ihis material as a laser. No optical gain was observed. Time-resolved, site-selection spec-
troscopy measurements were performed to determine the effects ofion-ion interaction, and show the
presence of very weak energy transfer between ions tn aonequivalent crystal-tield sites. Two-photon
excitation ,pectroscopy measurements demonstrate Ihe presence of very strong two-
photon -absorption transitions, which prevents lasing in this garnet.

1. INTRODUCTION GaG) crystals. 0
Y 3AI(AIO'4 )3 is not the ideal garnet struct ire for dop-

Although Nd-doped Y3A102AIO 4 )3 (YAG) ias become ing with Nd 3 - ions. The ionic radius of ?Nd 1  is too
a standard laser material, there is still significant interest large to give polyhedra sides that match the sl'us of Al 3 '
in characterizing the properties of other types of Nd- polyhedra. This mismatch imposes difficulties in forming
doped materials that can be pumped with Ga,,AIAs a solid solution of Nd3AIy(AIO4 ), with Y3A[(AIO.)3 tiat
laser diodes emitting radiation at 800±20 nm. The spec- would limit the amount of Nd'' that can be incorporated
tral emission of laser diodas at 800 nm is resonant with into the YAG lattice to only a few atomic percent. lit kd-
the 'F5 2 and 2f92 Nd3 1 absorption bands. The advan- dition, the distances between cation lattice positions for

tage derived from the spectral match leads to a reduction the aluminum garnets are small enough to allow for

of the amount of heat which is deposited in the medium, strong enough ion-ion interaction to produce concentra-
thus reducing the thernmornechanical requirements of the tion quenching of the NdJ3t- fluorescence. 1 On tie ot her

laser host. \Vith the commercial availability of single hand, neodymium may be substituted completely itto
lascr diodes with powers exceeding I W and two- gallium-based garnet systems. The largest lattice parait-

di ensonal arrays producing 4.0 kW/cm2, it is useful to eters in the gallium garnet group may be realized it gar-

dleternte itf other materials can be found with spectral nets formed with lanthanum occupying tile dodecaliedrial

,1nl hermo-opttc properties leading to improved laser positions. For such gai-ets to be synthesized, tle sirtic-
charactcristics. Desirable properties of new laser-diode- ture must be expanded by substitution oh ions larger tIhal

pumtped ,ohd-state lasers include a longer fluorescence gallium into tihe dodecahedral sites. When such sttiiiw- •

i1fetime, a broader absorption hand, and a higher absorp- tions were made, it was founld2 that compoutds do tt

I toil coefcijeent as compared to Nd:YAG. We report here form with situple sioichionietry desc Il lbc al,

the results of x-ray tlitftlactioti, clemetal td spectro- I [ 1. I[l ,tJ ,G1 Oa,( 2 , bitl that the octilitcital and

-,,o c atialysis, and gain imeasuretmetts obtained oil tetrahdltl sribstit titits are distribuited bctw\, twit ciys-
Nd -dhoped I La1 , I-ii, j [lui ,Ga ]2GajIO2 LaIil~- tallographic sites, with tie listribution corc.lpotditg to

37 9129 c) 1988 The American Physical Society
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lte formnula Ll ,~ Lit, I[Lu, _,a 1.i~2G3a 3O,. BI. X-ray diffraiction
Ilie stud o'mxed garnet crystals b~egani li thre lt . *Fl pcrsoi hrctrsiso'otclyatv

100i0s. NI sed garniets atrc thbose ii which addit ional addi- [i pc ocpccirc rs c lotclyatv
is es have beeni Iiirod iiced into te li1 41 I2BJ C)30,i2 gar- ions lin garnet crystals are closely related to the properties

net cr ,,ial, cauisinig ii Llt iple ions to occupy crystallo- of the crystal st ruct ure. Originally determnined by
cvra ph ic slite, Nnierois laboratories have stnuied th Mleiscr' for natu rally occurring minerals such as grossli-
op a pdrsoyo iixe auti atclrLi lar ite, spessartilie, or pyrope, thre garnet st ructunre is cubic

con peiircp of' Nd:xe ganes AlI 0)3 o n ptc lar showe anid belongs to space group Jo 3d. All the cationis arc inl
iiilomiogciieoiis broadening of tlite spectral lines or Nd3 1 special posit ions with no degree of freedom, while t(lie ox-

at i ibitel t a isiribt iu o Ndion anoii sies ith ygen atonis are lin general positions. Each oxygen atomn is
li ti ciii to i dstariibufieds ofe retsul iriboadng is at-l at a shared corner of four polyhedra: one tet rahiedron

, lll*icii i ~stllne iels.Thereultngbrode ic s t urounding it'W ion;oeothdousirudn i
n ihuititeI it, Nd ionis residing inl lu-rich anid Y-rich st s r aU 101 one dCah sroctandn surriondigi
%5 t i ll uht ly ulitlcreiit cryNstal fields. Voroii'ko and "c o;toddeiidasirudig" os
Sobul, lit a iiole coiipielieilsive study of' this mixed The positions of' tire oxygen ions in lte strucit rc are

eiaj i I5 si Jcml iivest iga ted [ lie dIepeiden lce of' tlic Wit dciiicd by itIiree geiieral parameters: x, y, anid z. [liie
and111ci~li ol lte I)C~rll ine wth espctto aryng values oft these parameters cliange with tire chieiiical

Loncuit ,uiois o Y nd ii ii te ddechedal ite. composition of, tile garnets anid depend mainly oii tire ra-solet 1lolii, b n ,tlttedoeale aIsts dii of lite cat ioins. When oxygen ionis are shti fted fromt"10l m;(Iiinfy 2-t) t inines, was seen lin these gar- t heir ideal posit ioiis, distort ioiis of polyhied ra resulIt.
s*l' \%lilt Iio Cliazige of I lie intenisi ties. These distortions change thle lengthI of lie edges of tie
I )opecd wit Ii Ni, these mixed garnets are intermediate- polyhedron, while tire distaiices between the center anid

gin loise i ierials, exlibitinig gain higher t haii Nd :glass thre cornuers of thle polyhedron are given by cation-oxygen
hiill loweci ii Nd YAG. These materials would exhibit ionic radii. Thus, freedom in substitution of various eat -

Ii iie cit r i storag anp ower a ip h d s ot a e u ions iil the garnet structure is greatly restricted by thle re-

* enissoii t hgh P1111) P'~~quircinent of matching thle length of lte sha~red edges
among thle thtree polyhedron types. Onl the other hiand,
expanidinig one polyhedron by proper selection of' stihsis

It. IKX1111i:i1I IENIAL IREiSULT.S tut ing eatijonts may allow extending tilie select ion of' oilier
cations for substituting into lie garliet structure. This
approach has been successfuLl iii doped lanthanumn gar-

*A. Crystal Vttl nets. 2
The crystal strtucture analysis was performed oii an au-

tomnated Nicolet RMi/jt difrractomneter equipped witl Iit
lie laiit haiiunm litetitiii gallium garnets of the above i nciden t-beain graph ite mioioclironiator arid Mo K a ra -

coinposi Iion were grown bly thle standard Czocliralski diation (2X =0.7107 A). Lattice parameters were deter-
pullinii techniique. [lie raw materials were dried at milted for 20 centered reflections within 3.00 < 20 < 60. 0'.
200' C', aiid ita), aind Lui,01 were tired at 1100 0C for Data were corrected for Lorentz-polarization effects
12 Ii so that t hey would be free of absorbed water aiid and absorption correct ion. The structure of
C3rboii1 dioxide. lie oxide was thenr mixed iii the desired I L.a I- Lu. 13Luli ,Gay ]2Ga301 2 was solved by direct
ratio. pressed ill ani isostat ic press, anid loaded into a 5 X 5 methods by varying x anid y until the R factors (or residu.-
ciii iridiiiii crucible. rf power at a 9.8-kI--z frequency ais) were minimized. Low RI'latrl idct ta h
was coiipled via copper coil to thle crucible, treating thle structure is correct anid that thle structure miodel based onl
crucible and iiilt inig thle c harge. The crucible was insu- atomic posit ions~ agrees well with [lie experimien tally inea-
filed w it i a stabilized zirconia sleeve, and the entire its- snred iintensities. Table I shows the essential details of

(cibvcotil, inisulation, anid crucible) was enclosed inl a thle structure; detailed structuore information call be found
water-cooled bell jar ectutpped with nitrogen aiid oxygen il Ref. 8.
so h'ply liiies, providinig a growthI at mosphere of N2 Witl I1
vol. ", of 0,. Thle pulling rates employed were I mim/hi C. X-ray fluorescence
1[lie 1iii1id hlow inl tlie melt was aided by rotatiing of tie
cr ,tal it (lie' rate of 15 rpmn. The crystal diameter was Elemiental analysis was performed oii three samiples of
coiirolledm ita program inied rate by regulating thle weight LaLiiGaGi dopled with Iimpurities. These included two
,)' lie g rowinig cry,;tal. The crystal growni in thle [: 11] spectroscopic samples doped withI Ndl aiid Cr 3 '. Thie
irlection (displayed typical garntet morphology, thlat is, third samnple was at lt)-cm-loitg by 3-cm-dianieter

facet ng aiid core format on due to growth with a convex Ndl ': aLtoGaG boule. The analysis was performed with
iiirace. [lie crystails \%ere I iii. lin diameter and( be- at Kevex 770/8000 x-ray fluorescence spectrophiotoitieter.

S weeii 2 anid 4 in. long. Numerous growth rutns of thlese This instrument uses the energy dispersive tenIi nique-i,
La I t ja cry,;tals were performed with either or both f where radiation f'rorn a primary x-ray tube is dlirected
Cr'' and Nd' . The samples studied were two Nd- upon a secondary target, generating nionochromatic x-
doped 'oii les withI 3.3 anid I1.0 at. % added to tile melt ray fluorescent radialtion at tile characteristic Kz aiand K11
arid one ,ample with 0.4 at. %7 Cr 3 

4-. Spectroscopic sam- energy levels of lte target material. This secoiidary radi-
ples of' highil optiteal quality were cut aiid polished from ation is thlen directed upon lie sample to be analyzed.

* these biuiles". The subsequent x-raty fluorescence from lte sanmple is
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TABLE 1. Summary of single-crystal x-ray diffraction results of ILai_,Lu, J][Lul-,Ga,] 2GaO 2
for x=0.2 5 and y=O. Atom coordinates (x 10") and thermal coefficients (A2X 10') of LaLuGaG.
Space Group: Ja3d (cubic) (No. 230). Unit cell axis length: 12.930(3) A. Observed data [1 > 3o(I)]:
236. Refinement: R=4.07%; wR=3.02%.

Atom 104x 104y 104z U (10- 1 2)

Lu(l) 0 0 0 21(' S
La(2) 0 2500 1250 20()'

Lu(2) 0 2500 1250 20(M)'

Ga(3) 0 2500 3750 22(M )

0 300(3) 576(3) 6569(3) 23()'

'Equivalent isotropic U defined as one third of the trace of the orthogonalized Uj, tensor. Parenthetical

values are estimated standard deviations.

detected and recorded on a multichannel analyzer. The the concentration in the solid is given byl °

chief advantage of the energy dispersive system is that
secondary targets can be chosen whose secondary x-ray c,=kco(i-g)k- t , (1)

fluorescence will most efficiently excite the analytes in where co is the initial concentration of the dopant ion
question. Such efficient monochromatic excitation results and g is the fraction of melt that has been crystallized.
in a high signal to background ratio and provides the For Nd 3+ in LaLuGaG, k is 1.3.
ideal conditions for accurate quantification routines.

Film standards of known concentration and mass D. Index of refraction
thickness were obtained from Micromatter Co. 9 to obtain

a known intensity-concentration ratio. This known ratio The refractive indices of Nd:LaLuGaG were measured
is compared with the sample fluorescence intensities and using the method of minimum deviation," in which a
is used in conjunction with excitation efficiencies and ma- polished prism of Nd 3 +:LaLuGaG was fabricated and
trix effects to calculate analyte concentrations and the mounted on a goniometer, and monochromatic light (in
elemental composition of the sample. this case, from multiline argon ion and helium neon

In our analysis of these samples, we selected secondary lasers) was passed through it. The point of least
targets which would most efficiently excite the analytes of deflection is recorded as the angle of minimum deviation,
interest with minimum peak overlapping. Other parame- and the index of refraction is calculated accordlitig to lie
ters such as tube voltage and current, counting time, and formula
atmosphere were selected to provide a statistically valid
number of counts and reduce atmospheric effects. The n =sin[(')(a+i, )/sin(}a) (2)

composition of three LaLuGaG single crystals is shown
in Table II. The results in Table II clearly indicate the

added presence of lutetium in positions other than that of minimum deviation. The results appear in Table Ill.
The accuracy of the refractive index calculated from

the octahedral site. Based on size constraints, Lu undou- The aa i the accuac it wichlte an-

btedly occupies the dodecahedral site. These results were ghe of min im it io wa asur ed ith his cae 5"
confrme byx-ry dffrctin. n aditontheGa on- gle of minimum deviation was measured, in this case 5"

confirmed by x-ray diffraction. In addition, the Ga con- of arc. Thus there existed an inherent error of .t0.)025.

centration was found to be slightly larger than three for- Th acTu avere error as ±0.0035.

mula units, which would indicate occupancy in the octa- The experime dat w er sbe ntyit
These experimental data were subsequently fit to

hedral site. Sellmeier's dispersion equation
The segregation constantQk, for Nd 3 +:LaLuGaG can

be determined from the data in Table II. At equilibrium, 12 (X )= I +-S X2 /(X 2 -2) . (3)

TABLE II. LaLuGaG crystal composition in formula units.

Nd" concentration in .aLiU(LIa
composition (at. %)

Sample Chemical analysis Crystal Melt

Nd-LaLuGaG boule (top) Ndo 04La 2 32 Lu,2 5 7Ga307Ot2,o 1.37±0.05 [0

Nd I al i)OaG hn)s!e Ihnirnn) Nd-. ,"(1 a. 11 t. ,. o 1 10-+0.)5 1 0

Spectroscopic Ndo 13La 2 14Lu 2 5 Gal 20012 00 4.31 ±0.17 1 3
sample Nd:LaLuGaG

Spectroscopic Cr0 4 La 2  Lu2 6,Ga 3  7012 .0

sample Cr:LaLuGaG

,i • • iS
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TABLE ii. Indices of refraction of Nd":LaLuGaG. 40. 60

Sellmeier coefficients: u:(X)= I +SX2 /(X 2 -Xo); S=2.3891; E
k,= 194.46 nm. 50' E

3.0 U

Wavelength (11n1) 
11

c t a 4 0

632.8 1.9070 0 .2

611.9 1.9174 (A 2.0- _ 0

594.1 1.9221 o 205;43.0 1.9304 ,.32o

t'-1.0 E.

496.5 1.9537 .

488.0 1.9632 .4

476.5 1.9665 300 400 500 600 700 800 90o 1000

Wavelength (nmi

FIG. 1. Room-temperalture absorption spectrum of

Nd" :LaLuGaG (1.3 at. % Nd' ). The sample thickness is h.61

I11 1m.

Appropriate values of S and k, given in Table III, were

calculated from this formula by averaging all the possible E. Nd' + absorption spectra

values extracted from the data. The index of refraction The absorption spectrum of neodymium-doped LaLu-
of maxinium fluorescence in the 4F 3/ 2-4 [1/i 2 transition, GaG was investigated in the range of 200-6000 nm at

10t)5) iui, was found to be 1.8634. room temperature and 10 K. These data were recorded

FABLE IV. Experimental (E) and theoretical (T) (the crystal-field parameters given in Table IX

were used in the calculation of the energy levels) crystal-field splittings of Nd" '- ion manifolds in LaLu-
( ;aG.

State" Stark-level positions (cm '1

'l ,2 E 0, 102, 187, 287, 710

313 T -6, 103, 191, 287, 711

"l11/2 E 1962, 2003, 2097, 2129, 2347, 2416
2177 T 1964, 2001, 2097, 2123, 2343, 2422
4'11/2 E 3899, 3920, 4040, 4059, 4315, 4338, 4407

4148 T 3901, 3915, 4039, 4051, 4317, 4337, 4412

41112 E 5783, 5818, 5959, 6009, 6450, 6481, 6526, 6603

6190 T 5784, 5824, 5963, 6006, 6454, 6473, 6525, 6588
41" /2 E II417, 11 534
11517 T 11414, 11531

E 12402, 12477, 12567, 12598, 12625, 12659,
2 12817, 12850

12183 Tb  12192, 12268, 12314, 12452, 12478, 12581,

12652 12622, 12656
4F7/2 E 13375, 13462, 13582, 13587,

SI1 2  13602, 13648

13501 T 13368, 13452, 13564, 13586,

13592 13597, 13659

'F, /2 E 14645, 14717, 14775, 14852, 14964

14770 T 14652, 14723, 14771, 14834, 14952

21111,2 E 15901, 15926, 15991, 16093, 16129

15969 Th'  15908, 1593), 15961, 15968, 16011, 16054,

'G5/2 E 16951, 17042, 17116, 17324, 17586
2G71/2

17091 T 16963, 17043, 17104, 17367,

17353 17434, 17465, 17653
2G9/2 E 18825, 18917, !8935, 19032, 19361, 19410,

4G,12 19469, 19599, 19650

2Pl/2 E 23217

'The multiplet in Russell-Saundcrs notation and centroids of that multiplet are given.

'Experimental energy leveIs not used in the crystal-field calculations. The aqueous centroids were used

instead.
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in the ultraviolet, visible, and near infrared on a Perkin- of the Judd-Ofelt theory 13' 14 and has been used by many
Elmer Lambda 9 spectrophotometer with a maximum authors.5 - 17 Data analysis was performed similar to
resolution of 0.01 nm. A Perkin-Elmer 983G infrared that of Krupke 17 and is briefly described below.
spectrophotometer having an accuracy of 0.1 cm - was The integrated absorption coefficient, fk (?)dX,
used to obtain spectra beyond 3200 nm. emanating from the ground state I (SL)J) 419/2 manifold

A closed-cycle refrigerator, CTI-Cryogenics Model 21, to excited j (S'L')J') manifolds was measured for II ab-
wa~s used to obtain spectra at 10 K. Sample temperatures sorption bands in Fig. 1. The integrated absorption
were measured with a silicon diode calibrated to < I K coeticient in turn is related to the line strenglth S by Eq.
below 50 K. Typical cooldown times were I h. (5):1

Figure 1 shows the absorption spectrum at room tem-
perature of Nd 3 ' : LaLuGaG between 300 and 1000 nm
for a 0.661-cm-thick sample with a Nd 3, concentration fk G)dX.= 3ch(2j~l) 9,(5

of 1.45 x 1020 ions/cm 3. This spectrum is very typical of f 3ch(2J+I) 915

Nd 3' in other crystalline hosts, showing strong transi-
tions from the 419/2 ground-state multiplet to the 2H9/2
and 4F5/ 2 (800 nm), 4F 7/2 and 4S 3/2 (750 nm), and 4G5/2 where J is the total angular momentum quantum number

and 2G7/2 (590 nm) states. The experimentally deter- of the initial level, X is the mean wavelength that corre-

mined Stark levels of the Nd 3+ ions in the dodecahedral sponds to the J-J' transition, n is the index of refraction,

sites are listed in Table IV. and N o is the Nd 3+ concentration. Values for n1 were

The peak absorption (emission) cross section for the taken from Sellmeier's dispersion equation, Eq. (3), and
4  . tni w N o was 1.45X 1020 ions/cm 3. The Judd-Ofelt theory pre-"F3/2- 1~/2 (Y3-R2) transition was measured. The

peak absorption cross section, given in Eq. (4), is equal to dicets that the line strength S may be written in the form

the absorption coefficient divided by the lower-level pop-
ulation S ([SLIJ, [S'L']J')

UP( Y3 -R2)=a( Y3 -R2)/N(YO (4) 1 fl I (4f"[SL]Jj1U0)14f"[S'L']J ' ) 1,

The absorption coefficient for the 10.13-cm-long i=2.4,6

Nd:LaLuGaG boule was measured to be 6.34X10- 4  (6)
cm- 1. With the Nd + concentration of the
Nd:LaLuGaG boule equal to 1.45X 1020 Nd 3 + ions/cm 3

(determined by x-ray fluorescence), and the partition where (4f"[SLJIlUt '11I4f"[S'L'J' ) is a reduced-
function equal to 2.488 (data taken from Table IV), the matrix element of the irreducible tensor operator of rank
population in the Y 3 Stark level at 2097 cm - I is t, and fQ, are the Judd-Ofelt parameters. The numerical

2.32 X 10'" Nd 3+/cm3 at 298 K. Substitution of these values of the squares of the reduced-matrix elements for
values into Eq. (4) yields a cross section of 2.73X 10- 19 Nd 3+ (aquo) ions for transitions from the ground state

cm2. This value is 2.4 and 0.9 times smaller than the were taken from Carnall, Fields, and Rajnak. 18 When
values for Nd:YAG and Nd:GSGG, respectively. J2 the absorption band was a superposition of lines assigned

to several intermultiplet transitions, the matrix element
F. Branching ratios and radiative lifetimes was taken to be the sum of the corresponding squared

of Nd)':LaLuGaG matrix elements. 1 A least-squares fitting of S,,, 1o S,,,
yields values for f' 2.4.6. Table V shows the measured and

The branching ratios and the radiative lifetimes of the calculated line strengths for I 1 absorption bands. The
4FJIz-411 (J=±,L',V, 3L) were determined in two in- Judd-Ofelt parameters and the branching ratios are given
dependent ways. The first method is a direct application in Table VI.

TABLE V. Measured and calculated line strengths of Nd' in LaLuGaG.

Russell-Saunders Wavelength Index of refraction Line strengths (10 "' cm')
state [S'L']J' (nm) n S...S

4F)/ 2  882 1.8738 0.424 0.749
'F, 2 + 2114/2 807 1.8805 2.137 1 984

', 2 + S,1 748 1.8874 1.741 1.842
6r1" ,,683 1.8973 0.144 0.131

1 11, 2 625 1.9092 0014 0,014
'G., 2 +2 -G:,.2  587 1.9193 1.594 15)4
2K1 ,., + 4G7, 2 -+4G9 1 , 526 1.9410 0.886 0.898
2K1,, + 2G1 , + (2D, 2P),, 479 1.9648 0.130 0.17(1
'G' 1, 459 1.9778 0.084 (1 0 16
')/2 F "D512 433 1.9982 0.041 0)3101
'P - D1/2 +'D 3 , 4'D,, 356 2.0988 0,9t)0 0 7)9
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TABLE VI. Experimental and theoretical Judd-Ofelt parameters and predicted branching ratios in
Nd : LaLuGaG.

Parameters Experimental value Theoretical value

Judd-Ofelt
. 0.84X 10-20 cm2  0.31 x 10-20 cm2

n, 2.64X 10- 0 cm2  1.21 x 10- 50 cm2

fl, 2.61 X 10- 0 cm2  5.19X l10. cm2

Radiative lifetime
4F3/ 362 .S,' 295 isb 286 kis

Branching ratios
3(4F3/ 2-419 /2) 43.6% 26.0%
3(4 F3/2-4111/2) 47.2% 59.5%

f3( 4F3/2-4113/2) 8.8% 13.8%
fl( 4 F3/2- 41 15 /2) 0.4% 0.7%

'From Judd-Ofelt calculations.
bFrom fluorescence lifetime experiments.

The second method of determining the branching ra- experimental energy levels, we use point-charge lattice
ios and radiative lifetimes uses the point charge model. sum Akq. The Akq are related to the Bkq by20

In these calculations, the Stark-level positions of Nd 3+
given in Table IV were used along with the free-ion Bkq=pk Akq
Russell-Saunders [SLI]J states with the free-ion Hamil- where
tonian containing the Coulomb, spin-orbit, L , G(G 2 ),
and G(R 7 ) interactions.,, The free-ion parameters Pk (r k)F(I--'k) (10)

chosen, from Carnall, Fields, and Rajnak,18 are T is atl ion-deperdent radial expansion parameter, 20

E"=4739.3, E" 1=23.999, E'=485.96, '=884.58, (r k)F are Hartree-Fock expectation values, 21 and k

a=0.5611,/3= - 1l7.15, and y= 1321.3 (all in cm-). In r )hieldare fatr s. e t values n P3 t
the crystal-field analysis we assume a crystal electric field are shielding factors.22 Values of Pk for Ce3 + through(CEF of 2 symety ofthe ormYb 3+ are given by Morrison and Leavitt. 23 The values of

Akq were calculated by a point-charge lattice sum using
l[ct:! *qC,(?) , (7) the x-ray data of Table I. In performing the lattice sum,

,Aq the material is assumed to be La 3Lu2Ga3O 2, and for the
where the B~q are the crystal-field parameters and the starting parameters the charges on the individual ions areCq(?) are spherical tensors related to the spherical har- assumed to be the valence charges q13 =3, q1j =3,nronies e qGa= 3 , and q0 =-2 (in units of the electron charge).Later Akq were calculated using an effective charge on

C, ( , =V'4rr/(2A + 1) Y;q(Oi,Oi) . (8) the oxygen site qO such that q0 a= -5-4q 0 and varying
q0 to obtain the best fit of calculated BAq to experimental

The stum on i in Eq. (7) runs over the three electrons in Bkq. The resulting Akq for even k were obtained from

the 4J" configuration of Nd 3+ , and the sum on k (k even) the lattice sums; the Bk, obtained by using Eq. (9) are

covers the range 2-6 w~th q even and in the range given in column 3 of Table VII. These values of Bkq were
-k <q<k. Sitce we assume that the Nd 3 + ions occupy used in the least-squares fitting as starting parameters.
the dodecahedral site with D2 symmetry, the crystal-field The crystal-field parameters that gave the best fit to the

parameters can be chosen, real; thus there is a total of experimental data are given in Table VII, as well as the

nine even-k Bq. The procedure we use in the analysis of point-charge Bkq computed using q0 = - 1.64 (the value

the experimental data is to obtain the free-ion wave func- of the oxygen charge that gave the best agreement to the
lionis using the free-ion parameters. We then use these experimental B.q ). In this fitting a number of experimen-
free-ion wave functions to evaluate the energy levels in a tal levels were discarded because attempts to fit these lev-
crystal using the Hamiltonian given in Eq. (7). The els were unsuccessful. The odd-k Akq (cm-/Ak) using
crystal-field parameters BA, are then determined by qO = - 1.64 were calculated and are 12 = 1520,
?nilimi7ing the -qnired difference of the calculated ener- A52 = 1500, A,=867, '172 =4.2, A 74 -

8
OA) and

gies from the experimental energies. The centroids of A 76 = - 129. (All odd-k Akq are imaginary.)
each [SLIJ multiplet are allowed to vary freely during The Bkq of Table VII along with the odd-k Aq values
this fitting and are considered experimental data in the were used to calculate the intensity of electric and mag-
final analysis. netic dipole transitions for the rare-earth series. A (le-

To obtain starting values of BAq for our fitting of the tailed discussion of this calculation is given by l.eavitt



37 PREPARATION, STRUCTURE, AND SPECI'ROSCOPIC... 9135

TABLE VII. Experimental and calculated crystal-field pa- 10

rameters, Bkq. Note: Odd-k Ahq (cmI/A0 ) for q0 =- 1.64 are
A12=1520, A 52=-1500, A54=867, A72=54.2, A74=88.0,
and A6-- 129.

Best-fit experimental Point charge
kq Big' (cm- ) Bkgb (cm- ')

20 879 843
22 206 338 "2
40 -80.4 68.6

42 -1650 -2370 E

44 -782 -1087
60 -1345 -1485 0 1
62 -608 -732 1020 1030 1040 1050 1060 1070 1080 1090 1100 1110 1120

64 629 736 Wavelength (nm)

66 -613 -614 FIG. 2. Fluorescence of Nd3+:LaLuGaG at room tempera-

'Best-fit experimental Bkq for all data; rms=5.658 cm-'. ture in the region of the 4F3 /12.4 1 1/2.
bPoint charge Bkq using qo= - 1.64; rms= 50.38 cm-'.

lower power dye laser excitation varies from 290 tls at I I

and Morrison.2 4 The resulting Judd-Ofelt intensity pa- K to 205 j/s at room temperature, as shown in Fig. 4.

rameters are given in Table VI for Nd3 + and the other The solid line in Fig. 4 represents the best fit to the data

rare earths in Table VIII. using an expression of the form

G. Nd 3 :LaLuGaG fluorescence and lifetime measurements rj'=r7'+CtexpfAE/kBT)I-1 -l

where rf and r, are the fluorescence and radiative life-
The fluorescence spectrum of Nd 3 +:LaLuGaG was times, respectively. The last term describes the quench-

recorded with a Spex F222 spectrometer. Figures 2 and 3 ing of the lifetime due to radiationless processes involving
show the fluorescence spectrum in the region of the the absorption of phonons of energy AE. C is a consiant
lF3 t-im 1 2e and 'F31 2-'! 91 2 transitions. The fluorescence containing the matrix element for these transitions. The
lifetime and tiime-rcsolved, site-selection ,.2ctroscopy values obtained from fitting Eq. (I1) to the experimental
measurements were made using a nitrogen laser-pumped data are listed in Table IX. Several types of processes
tunable dye laser with rhodamine 6G for the excitation can lead to this type of lifetime quenching and will be dis-
source. This provided pulses of about 10 ns in duration cussed in Sec. Il l.
and less than 0.04 nm half-width. The 4.3 at. % Nd3 +

sample was mounted in a cryogenic refrigerator with 1I. L.aser gain measurements
temperature variable between 10 and 300 K. The fluores-
cence was analyzed by a 1-m monochromator, detected The laser-pumped, single-pass gain measurementis us-

by a cooled RCA C31034 photomultiplier tube, processed ing the frequency-doubled output of a mode-locked Nd-
by an EGG-PAR boxcar integrator triggered by the YAG laser as file pump source were perfori-tcd at Ok-
laser, and displayed on an x-y recorder. lahoma State University. This provided a 25-ps excita-

The fluorescence lifetime of Nd 3 + in LaLuGaG after tion pulse with a few millijoules of energy at 532 inm.

10

TABLE VIII. Calculated Judd-Ofelt (JO) intensity parame-
ters fl, of rare-earth ions in the La site of La1 Lu 2Ga 3O12 .

JO intensity parameters (10 -2u cm2 )

Ion fl, 2
Ce 0.5872 3.734 22.17
Pr 0.3286 1.884 9.449
Nd 0.3167 1.206 .5.186
Pm 0.1833 0.9318 3.986 Il
Sm 0,1599 0.7902 3.300 /
Eu 0.1265 0.6060 2.333
Gd 0,0990 0.4588 1.610
Tb 0.1729 0.8314 3.913
Dy 0.1271 0.5830 2.428 0 __ . .

850 860 870 880 890 900 910 920 930 940 950lb! 0.1038 0.4601 1.772 Wvlnt m
Er 0.0995 0.4352 1.671 Wavelength nt)

Tm 00968 0.4190 1.615 FIG. 3. Fluorescence of Nd3':slal.uGaG at room iempera-
Yb 00817 0.3417 1.230

lure in the region of the 'Fj2-4 1,/2.
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3W' materials, no gain was observed for the 4.3 at. %

Na3+:LaLuGaG sample at room temperature. Since the
0optical quality (and thus the scattering losses per pass)

was approximately the same for each of the samples in-
* vestigated, the lack of optical gain indicates the presence

250 of some type of loss process occurring for Nd 3 + in the
LaLuGaG host.

Direct lasing of two Nd:LaLuGaG samples was at-
,' tempted at the Center for Night Vision and Electro-

2 0 - Optics. Two experiments were performed with different
wavelengths of excitation and different pumping
geometries. A laser diode array capable of producing 80
mJ per pulse at 20 Hz was used as a pump at 808 ns in a
side-pump geometry. Typical outputs for Nd:YAG using

025 5 75 1 this scheme are 25 mj.25 When a Nd:LaLuGaG sample

1/T 110- K -1) was inserted in the resonator, no lasing was detected at

FItG. 4. Temperature dependence of the fluorescence lifetime 1059 nm. End-pumping of the same crystal was also at-

of the " metastable state of Nd3 :LaLuGaG. (See text for tempted with a Coherent 699-29 ring dye laser producing

theoretical line.) 1.3 W with rhodamine 6G. Lasing was again not detect-
explali of the toileed at 1059 nm. A focused dye laser beam at 595 nm pro-

duced an intense purple fluorescence at the focal point.
This is indicative of two-photon absorption to higher ly-

lie prase deai was the collimated output of a xenon ing levels, which prevents lasing in this material. This is
lamp passed t lirough a 0.5-in monochromator. The consistent with the experimental results shown in Sec.
c haulge in Ih li robe hea i t ransmnissioni tlirough the sam-

ple undcr pumped conditions was monitored using a

0.25-rn nionochromator and photomultiplier tube with
the output photographed on a storage scope. Multipho- I. Nluitiphoton excitation measurements
ton excitation studies were made using the same laser for For low excitation powers, the fluorescence emission
excitation, and the fluorescence emission was monitored originates from the 4F312 metastable state at wavelengths
with a 0.25-i tronochromator with an EGG-PAR silicon longer than 850 nm. After high-power picosecond pulse
array detector and optical multichannel analyzer (OMA) pumping, fluorescence emission extends throughout the
combination. Fluorescence lifetimes under these excita- visible region of the spectrum to about 800 nm, as shown
tion conditions were again measured with the boxcar in- in Fig. 5. This demonstrates the presence of multiphoton
tegrator. excitation processes and subsequent emission from higher

The atlempt to observe single-pass gain was made with energy metastable states. The spectral dynamics occur-
the probe beam tuned to the emission peak at 1059 tim ring under these pumping conditions have been studied
while the pump beam at 532 nm was in resonance with for Nd 3 , in YAG, Y3Ga 501 2 (YGG), and lithium silicate
one of the strong absorption transitions. Although these glass. 26,27 The transitions have been shown to originate
experimental conditions resulted in easily observable gain on the 2P3 /2 and 2F5/2 metastable states with lifetimes of
for several different types of Nd-doped crystal and glass about 0.3 and 3.0 us, respectively. The fluorescence lines

shown in Fig. 5 can be divided into one set having a life-
TABLE IX. Summary of results, time of 0.3 pjs and another set having a lifetime of 2.5 Ms.

In comparison to the previous results, we assign these
l'arameters Value transitions to lines originating on the 2P3 / 2 and 2(F2)5 /2,

Fluorescence lifetime respectively.
rf 4F,1 2 (10 K) 290 ILs One important difference between the results obtained
r ,F1, (300 K) 205 its on Nd 3+:LaLuGaG and those obtained on other hosts is
r/ 'P 2 (300 K) 0.32 is that strong emission from the 4F3/2 level was observed
r,'(1-2),/2 (300 K) 2.52 Its for the other samples under these pumping conditions 26 27

Fluorescence rise time but not for LaLuGaG. This implies that multiphoton ex-

r, ,, (300 K) 317 ns citation transitions lead to relaxation channels that
if,, '1-2)/ , (300 K) 200 ns bypass the 4F 31 2 metastable state and thus act as a loss

mechanism for pumping the 4F3 /2 _4 11 /2 laser transition.
Radiative lifetime The multiphoton processes in the other hosts have been

r, 295 s shown to be sequential two-photon excitation processes

Energy transfer (STEP's) involving a real intermediate state, 27 and we as-
C 1538 Its sume that the same mechanism is active in LaLuGaG.
AE 30 cm -  The effects of the STEP mechanism appear to be stronger
a (l00 K) 392 its in the LaLuGaG sample than in the other hosts. One im-
AE, 29 cm - portant spectral difference that may account for this is
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T i --- 1 i Microscopic strains produce slightly .different crystal
fields at the site of each Nd 3 + ion in the'lattice, resulting
in inhomogeneous broadening of the spectral lines. In

_ 6.0 addition, Nd 3 + ions occupying sites having significantly
E different crystal-field environments produce transitions
4that are easily resolvable in the optical spectra. Ions in a

.specific type of site can be selectively excited by tuning4.0- the dye laser into resonance with one of the absorption
• transitions associated with these ions. The results of do-

ing this are shown in Fig. 7. As the excitation wave-
_.0 ,length is tuned over 0.41 nm, the maximum emission of

this transition shifts fron peak a to pea:k b, indicating a
. change in the type of ion being excited. Note that the en-

\ -.. ergy separation of the transitions originating from the
440t, 480 70 740 7 ions in these two types of sites is AE, =29 cm-'.400 440 480 3 700 740 780 d -

Wavelength (nm) In order to study the energy transfer between NdJ+
ions in these two major types of sites, the time evolution

FIG. 5. Fluorescence of Nd3+:LaLuGaG at room tempera- of the relative fluorescence intensities of peaks a and b
ture after pumping at 532 nm with a 25-ps laser pulse. was monitored as a function of time after the excitation

pulse for both excitation wavelengths. These time-
that the 532-nm pump wavelength is almost exactly in resolved measurements were carried out at several lem-
rcsonance with an absorption transition in LaLuGaG, peratures between II and 100 K, above which the
whereas for the other hosts investigated this wavelength thermal broadening of tlhe lines prevented the spectral
is on the wing of the absorption band. resolution necessary for accurate measurements. In this

temperature range, no variation was observed in the ra-
J. Energy transfer measurements tios of the intensities of peaks a and b as a function of

time. This indicates that energy transfer between Nd 1
Dye laser, time-resolved spectroscopy techniques were ions in these two different types of sites is a very weak

used to investigate the characteristics of energy transfer
between Nd J+ ions in nonequivalent crystal-field sites in
the region from 560 to 600 nm. The fluorescence in the
880-nm spectral region was monitored in this investiga- b I I I 0
lion and is shown in Fig. 6 for two temperatures. At I I
K these transitions are associated with emission from the T = 11 K
4F3/ 2 metastable state to the various Stark components of
the 41)/2 ground-state manifold. At room temperature, A = 589.23 nm
emission from higher excited states is present and the ex
transitions broaden because of both electron-phonon in-
teractions and energy transfer to ions in spectrally ine- a
quivalent sites. (n

C~ ~ I

2 . a

= 589.23 nm X 1
>l/ , A = 589.64 nmx1/8 > ex

C
T= 11K

-e C

b
T =29 6 K 

A e 
8

i t I , I_

860 SIM ao 890 900 874 875 876 877 -

Wavelength (nm) Wavelength (nm)
FIG. 6. Fluorescence of Nd :l.aLuGaG at two tempera- FIG. 7. Fluorescence of Nd " :l.aLuGaG at II K in the re-

lures in the region of the 4F 31 ,'1,,,2 transition after pumping gion of one of the F 1 / 2 "',/2 transitions for two ditlkcreit excita-
near 589 tim with a 10-ns laser pulse. lion wavelengths.
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I I I I I I ] I , i

4]T = 100K Ae = 589.2 nm
4T =K100K

t =5 s -. 0

C 0.8

20- .

-0.
20

00

'i 40- t 200 tAs 0.4,
C 0 80 160 240
WTime (/as)
C

FIG. 9. Time dependence of the energy-transfer function
a(t) at 100 K obtained from Eq. (13) by monitoring the time

20 evolution of the shape of the fluorescence band at 875 nni.

0oa (t)= f- I[(w, t))-I d
872 874 876 878 1 W ) -I W d o( 3Wavelength (nm) X I(o,cof)do J (13)

FIG. 8. Fluorescence of Nd" :LaLuGaG at 100 K in the 875 The results of this analysis at 100 K are plotted in Fig. 9.
ni spectral region at two different times after the excitation The energy transfer function decreases exponentially with

time, having a characteristic time constant of a=392 pIs.
The energy transfer parameters are summarized in Table
Ix.

piocess. However, the similarity of the activation energy
for thermal quenching of the fluorescence lifetime and III. SUMMARY AND CONCLUSIONS
the energy difference between peaks a and b may indicate The lifetime results summarized in Table IX indicate

that at higher temperatures energy transfer between ions the lifetions in a X efficein these two major types of sites does occur and results in that Nd 3 + ions in LaLuGaG have a quantum efficiency
tie quenching of te ecaytime. near 98%, which is significantly higher than that for

Even though energy transfer between ions i the two Nd:YAG crystals with this doping concentration.' In
Eveaj hor ghenrgy typesofnsfe betwn lo the at , addition, the rate of energy transfer between ions in themajor types of sites is negligible at low temperatures, two major types of nonequivalent crystal-field sites is

time-resolved spectroscopy measurements do reveal spec- much smaller than in the YAG host.29 Since the quan-
tral energy transfer across an inhomogeneously mc en in t YAG ost Snce the ua-
broadened line. An example of this is shown in Fig. 8 tur efficiency of 4F3 /b fluorescence in Nd3 +-doped ma-
where the shape of fluorescence transition a is shown for terials is generally attributed to cross-relaxation processes
two times after the laser ptse at 100 K. A distinct high- between neighboring Nd t+ ions which can be enhanced
energy shoulder appears on this line at short times and by energy migration among the Nd+ ions, these results
disappears at long times. This can be attributed to the are indicative ofweak ion-ion interaction processes in thedisapearsLaLuGaG host. This observation is consistent with the
presence of energy transfer between Nd 3+ ions in type a
sites with differences in transition energies due to local increased ion-ion separation in the LaLuGaG crystal.

perturhaions of tlicir surrounding crystal fields. This The origin of the two major types of nonequivalent

type of cnergy transfer can be treated quantitatively in crystal-field sites in LaLuGaG has not been identified.

the formalism developed for analyzing spectral energy However, in comparison with the results of previous

transfer in topcd glasses. 28 In this model, the time evolu- site-selection spectroscopy investigations of mixed garnet
tion sef the glsrcscence intensity at frequency t is ex- crystals,3,29 it is reasonable to assume that the different

of prese f c isites are associated with different lutetium environments
pressed as around the Nd 3+ ions. In the YAG host, the energy

transfer between ions in the different types of sites has
(o,t)=at)l (o,O)+[ I-a (t)]l(o, oo) (12) been attributed to a two-phonon assisted process with a

real intermediate state.26,27 This leads to an activation

where a () is the function describing the energy transfer. energy associated with the energy level splitting of the

This can be integrated to give lowest two ground-state Stark components which is
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significantly greater than the measured activation energy make LaLuGaG an attractive host for a Nd3 1, laser mna-
in the Nd 3 1:LaLuGaG crystal. This implies the presence terial. However, the inability to observe lasing uinder
of dilrerent types of energy transfer mechanisms in the pumping conditions producing gain in other Nd-doped
two types of hosts. materials, due to the presence of strong inultiplioton

The point-charge calculation of the odd-fold crystal transitions in this host, reduces the potential of
fields (k =odd Ak.) was used to calculate the Judd-Ofelt Nd3 -1-:LaLuGaG as a replacement for Nd 3 ":\AG or
intensity parameters, Ilk, for all the rare-earth experi- Nd3 ':Cr 3 ' :GSGG ats an efficient l-jim laser.
mental values. For Nd3* LaLuGaG the radiative life-
time of the 4F3/2 level was calculated and compares
favorably with experiment. The branching ratios from a ACKNOWLEDGMNENTS
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Site-selection spectroscopy, energy transfer, and laser emission
in Nd3+-doped Ba2 MgGe 2 07
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A detailed spectroscopic and pump wavelength dependent laser study has been performed on
Nd ' ions in Ba, NigGe, 07. Site-selection spectroscopy experiments reveal fifteen distinct
crystal field sites for the Nd' ' ions. At room temperature, excitation of ions in any one of
these sites is followed by efficient, thermally activated energy transfer to ions in a site having a
laser emission transition at 1054 nm. Laser-pumped laser experiments were performed to
determine the pumping threshold and slope efficiency of laser action in this material for
different monochromatic pump wavelengths. The measured slope efficiencies were found to be
pump wavelength dependent and ranged from 0 % to 22%. Excited-state absorption of pump
photons was shown to be responsible for this variation in the slope efficiency.

I. INTRODUCTION tion, the characteristics of laser-pumped laser operation of
The development of high power GaAIAs laser diodes this material are reported. All of these results are relevant to

has renewed the interest in rare-earth doped solid-state understanding the dynamics involved in monochromatic

hosts. For Nd3 + doped materials, diode excitation at 800 pumping of this material.

nm has been shown to be more efficient than flashlamp
pumping in generating 0.9, 1.0, and 1.3 am lasers. In addi- II. ABSORPTION AND SITE-SELECTION
tion, monochromatic pumping in the near-infrared has pro- SPECTROSCOPY
duced visible (upconversion) emission and new laser wave-
lengths. Therefore, it is worthwhile reinvestigating materials The crystal used in this study was grown by Linz using
that do not possess superior flashlamp-pump characteristics the top-seeded-solution growth technique. ' The sample was
but can be reconsidered as materials for diode pumping. We obtained from the same growth runs as those used for the
have chosen to study one such material previous studies of this material." - The size of the sample
Ba, MgGe, 0,:Nd3 ', which has many attractive features. was 0.56X 0.83 X 1.02 cm 3 with the long dimension parallel

Ba, NIgGe, 0 :Nd' ' (Nd:BMAG) was first studied in to the c-axis of the crystal. The absorption spectra were re-
the late 1960's and early 1970's as a flashlamp-pumped laser corded with a Perkin-Elmer Lambda 9 spectrophotometer
material." - The host crystal possesses the Akermanite crys- equipped with a polarizing attachment. Figure 1 shows the
tal structure with space group P42, m (tetragonal) 4 and is a polarized absorption spectrum of Nd:BMAG between 300

subset of the melilite series of minerals. The Nd3 - ions are and 1000 nm at room temperature with the Fresnel losses
believed to occupy the Ba' + site (C, symmetry) and charge removed. The two salient features of the spectra are that at
compensation is provided by interstitial anions, cation va- most wavelengths the absorption coefficient for Elc is

cancies and monovalent ionsisuch as K ' or Na +. When greater than E Ic, and the sample exhibits broad absorption

doped with Nd' ± this crystal exhibits inhomogeneously features for the manifold-to-manifold transitions. The large

broadened absorption and fluorescence spectra. The room- inhomogeneous broadening is primarily caused by the vari-

temperature fluorescence lifetime of 450 r.s for the 'F,,, ation of the crystal field around the rare-earth ions due to the

metastable state' and the high thermal conductivity of the mismatch in electronic charges between Nd' ' and Ba' ' . In

crystal compared to a glass make Nd:BMAG an attractive addition to known Nd' + absorption transitions, a broad ah-
material for a diode-array pumped laser system. Spectro- sorption band from 320 to 420 nm has been detected and
scopic measurements have recently been reported on a simi- could be attributable to a germinate complex.

lar material Ba, ZnGe, O,:Nd' .' Fluorescence, excitation, and site-selection spectrosco-
We present here the results of time-resolved, site-selec- py measurements were performed using a tlolectron nitro-

tion spectroscopy experiments on BaMgGe,0:Nd' ' gen laser-pumped dye laser that provided :xcitation pulses

The results provide information on the electronic transition of 10 ns duration, 0.5 A bandwidth, and energy of IM)

wavelengths of Nd' ' ions in different crystal field sites and mJ/pulse. The dyes used were Coumarin 440 with output

on the energy transfer between ions in these sites. In addi- tunable from 420 to 465 nm for excitation into the 'P,, 2
manifold, and Rhodamine 590 with output tunable from 560

Present address: Ceniter for Night Vision and Flectro-Optics, Fort bet- to 630 nm for excitation into the 'G 5,, and 2G, manifolds.
vir, V. 220tO-5677. The sample was mounted in a cryogenic refrigerator capable
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30 TAI LE I. oii-t(elicratuire encrgy level parameters of NdJ' UNIAG.

E . Stark Peak a. FWIIM
manifold (cm ') (cm ') (cm-')

D 7/ 30 377 0.543 737

2 2 D,,2 28 514 0.790 342

4Dj/z 27964 0.884 422
4 06 '/111

'O, 27 405 0.477 286

o -t '/ 26 788 0.424 108
300 400 sno 600 700 800 900 9000 26 504 0.41 I 112

Wavelength (rm) 26 110 0.411 212

25 826 0.399 147
D5/2 23 776 0.337 266
PI/ 23 218 0.354 129

05 -,23010 0.366 243

EC (b) 'G,,1 22026 0.333 141

04 21 763 0.358 142
21 622 0.358 164

2 0D) 21 182 0,382 216
03 'G 1, 20995 0.395 185

U 19569 0.613 84

_ 02 19478 0.691 83
a.19 353 0.625 86

0 1 "G7/2 19 030 1020 145

18 868 0.687 78
0.0 - L 18761 0.629 92

300 400 500 600 700 8oo 900 iooo 17 501 1.20 75
Wavelength (nml G712 17 483 0.851 83

17209 1.300 92
17 103 1.440 73

FIG. I. Ahsorpton spectra of Nd' in BMAG at room temperature with 17030 1.68 58
(a) El c and ( h) E 1c polarizations. 16972 1.52 55

16846 1.09 105
16711 0.80 87

11,12 16271 0.321 50

16 171 0.329 78
16067 0.321 57

of reaching temperatures as low as 10 K and oriented such 15946 0.313 84
that the laser pump pulses propagated along the c-axis. The 'F,, 14550 0.387 188

unpolarized fluorescence was monitored perpendicular to 14409 0.370 73

the ptnlp beam and focused on the entrance slit of a Spex 1 14296 0.366 135

meter monochrometer. A filter was used to attenuate the ',,, 13 567 1.380 50

'S112 13460 1.200 73
scattered pump laser light. It is well known that strong flu- 13 382 1.470 59

orescence from Nd' ' ions in solids occurs in the near-in- 13 289 1.130 62

frared region and corresponds to transitions from the 4F,12  13 154 0.559 73

4 '41 12750 0.38. 44
manifold to the lower energy I manifolds. This fluores- 1F', 12679 0.485 40

cence sigtal was detected with a liquid nitrogen cooled RCA 12 553 0.929 35

7102 photomultiplier tute and processed by a boxcar inte- 12 505 1.170 39
grator. The output of tie boxcar was recorded on a strip 12429 2.040 42

chart recorder. 12 334 0.880 52
12 252 0.621 50

lhe room-temperature energy levels of Nd' ' in 'F,,2 11 533 0572 52

IIMAG were determined from absorption and fluorescence 11 399 1.070 49

spectra and are listed in Table I. The full width at half maxi- 11 307 0588 47

nium ( FWI I N) was estimated from constructed Gaussian i. ' 0428 84
S11046 0 325 68

fits to lie absorption and fluorescence bands. Reported ab- ,, 6242 0 169 A
sorption coefficients, a., are those measured at the band 6156 0 154 47

maxima No attempt was made to separate hot band transi- 6062 0 156 69

tions or to deconvolute the multisite contributions when de- 5961 0.154 48

termining the energy levels. I,/, 4359 0,160 35
4278 0 177 51

Figure 2 shows the excitation spectrum of the neat-ill- 4225 U.,I3 34
frared emission of Nd:BMAG from 429 to 437 nm at 10 K. 4170 0,284 77

'ie spectrum has been corrected for the filter response but 4102 0251 27

nol for the dye laser intensity. The peaks observed in this
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TABLE I. (continued) transitions of the ions in that particular site, and the dye

Stark Peak a, FWIIM response at the pump wavelength. In the excitation region

manifold (cm (cm ) (cm - I) covered in Fig. 2, the dye laser response is essentially flat and
site A2 is the strongest emitter, followed closely by sites D5

4057 0.280 35 and C4.
4017 0.226 38 With the transitions for the sites identified in the 2P,,2

!Ii 2176 67 excitation spectrum, it was possible to selectively excite ions
2093 74 in individual sites and observe the fluorescence emitted. Fig-
2029 76
1933 47 ure 3 shows the F,12  fluorescence spectra at 10 K
683 78 associated with pumping the 'P 1 2 level of sites A2, C4, and
3,4 lOt D5, Time-resolved studies showed that energy transfer
235 97 between sites was negligible at 10 K and the fluorescence102 96

0 70 observed is solely due to ions in the site pumped. The short-
est wavelength peaks of the different sites are the highest
intensity transitions and are the common laser transitions
for Nd3 + ions. These transitions appear at distinctly differ-
ent wavelengths for ions in the different major sites. A rough
rule of thumb is 1050, 1060, 1070, and 1080 nm for sites A, B,

excitation range correspond to absorption transitions to the C, and D, respectively.

'P,/2 manifold ofNd' -.' Since this energy level consists of a Optically pumping the different excitation peaks in the

single Stark component, each peak observed in Fig. 2 is asso- 2P,/2 spectral region leads to the identification of many of

ciated with a transition to the 2P,/2 level for Nd3 ' ions in the Stark levels of the 4F3/ 2 , 4 11/2 , and 4I,, manifolds for

different crystal field sites of BMAG. The excitation spec- the fifteen sites of Nd:BMAG. Similar measurements were

trum was observed to be comprised of four groups of lines made pumping into the 4G5/2 + 2G7 2 manifold. The results

that were well separated in wavelength. These major site of the spectroscopic energy level identification for the sites of

categories, labeled with a letter in Fig. 2, were composed of Nd:BMAG at 10 K are presented in Fig. 4. Only those ener-
"'subsites" which were numbered with ascending integers gy levels that could be unambiguously identified are shown

indicating descending energy. In total, fifteen individual in the figure. The energies of the levels generally decrease

sites were identified. While a direct correlation is not possi- from sites A to D.

ble with the available data, the major sites appear to be dif-
ferent crystal field centers associated with the different types l. ENERGY TRANSFER
of charge compensation for the Nd' ' in Ba' + positions.' Energy transfer between the different crystal field sites
Thesubsites having the same letter designation (i.e., Al, A2, in Nd:BMAG was predicted from the appearance of' the
A3, ... ) are thought to be distinguished by perturbations in room-temperature fluorescence spectrum. It was found that
the local crystal field due to latlice defects." The intensity of Cxcitation of any one of tile crystal field sites at 1 0 r01 fll)-
an excitation peak depends on the absorption coefficient at perature produced the same luorescenct spectrum which is
the excitation wavelength, tie emission cross sections for the shown in Fig. 5. The Iluorescence bands observcd ill ihis

A. . A2

08

II-"L 4

it I

1'11 il ( ¢ 1 ("

FIG 2 F icoijion spec run) oftie ocar-infrared cmissioo for Nd: IMA Gat FIG. . Fluorescencel ftm (he l ,e level to ',, lcvcl IOr iSmi h iiitlcrcii
10 K I' r ll iltolts terminating on ilhe 11', , energy level. sos at I0 K.
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spectrum are indicative of transitions from ions in tile A type
sites, implying that energy is completely transferred to these
ions at room temperature. The energy transfer was investi-
gated by selectively exciti.1g the 'P,,,, level of Nd' ions tn a 7

particular site and monitoring the fluorescence in the 7
F2- 4,, transition region from all other sites.

Sites D5 and C4 were selectively excited at various tem-
peratures and the fluorescence spectra recorded are shown I

in Figs. 6(a) and 6(b). The peak at 1078 nm in Fig. 6(a) is
associated with emission from ions in site D5 while the peak -

at 1054 tim is associated with site A2. These peaks corre- INI

I

((1 10155 (((NI 106" 10170 1((71 Ills"

FIG. 6. Temperature dependence of the fluorescence for (a) site D5 and
(b) site C4 pumping in Nd:BMAG. Each spectra has been normalized, and
was recorded at a delay of 200 pas after the excitation pulse.

spond to the transition between the lowest crystal field levels
of the 'F,,, and 41"" multiplets. The results show thle inten-
sity of the line from site A2 growing at the expense ofthle line
from site D5 as the temperature is increased. Thus, energy is

Wf) Iif (III(((5 (((l INI 111170 l() 1(1"1 1111,11l~ being transferred from sensitizer ions in D5 to activator iotis

Wavelength Inill( in A2 sites and the transfer process is thermally activated.
Fluorescence spectra were recorded at delay times rang-

FIG 5. Fluorescence at room temperature of Nd:I3MAG for transitions ing from 10 us to I ms after the excitation pulse but i(0 time
hetween the' T F, an(4 m!,~anifolds. dependence oftlie relative line strengths could be observed at
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any temperature. This leads to the conclusion that the trans- AE,. The transfer is described by a forward rate, IV. (from
* fer is completed prior to the "F21 emission. sensitizer to activator), and a back transfer rate, W, (from

Similar results were obtained for excitation of the C4 activator to sensitizer).
crystal field sites. The intensity of the emission peak at 1070 The observed ratio of the fluorescence intensities of the
nm for site C4 decreased as the temperature was increased sensitizer and activator emission is proportional to the ratio
[ Fig. 6(b) ]. The energy was transferred to the same activa- of level populations,
tor site A2 and again there was no time dependence of the I.
relative line strengths. Note that the transfer from site C4 is - f- /3(A2 /S 2 ) (1)
thermally activated at a lower temperature than the transfer
from site D5. where the proportionality factor #3 includes parameters

The temperature dependence of the energy transfer compensating for possible differences in the radiative decay
arises as higher lying Stark components ofa metastable state rates of the fluorescing levels of the sensitizer and activator
become populated through a Boltzmann distribution. Ener- ions. The ratio A /S2 can be obtained from the rate equation
gy is transferred due to the spectral overlap between the ther- describing the population dynamics of level S,.
mally activated levels of the optically pumped ions, and lev-
els of the ionsin site A2. An exact resonance of the levels is S=BS 2 + I.,A 2 - BS 3 - S3 (2)

not required as some degree of mismatch can be compensat- At thermal equilibrium,
ed by absorption or emission of lattice phonons. $3 B

A simple rate equation model can be used to qualitative- - = exp( - AE,/kTh = i. (3)
ly explain the observed results. Figure 7 depicts the energy S 2  Bd

levels involved in the dynamical processes taking place. The Since no time dependence of the energy transfer was ob-
sensitizer S, is the ion that is optically pumped (site C4 or served, steady state conditions can be applied and S, = 0.
D5) and the activator, A, is the ion in the site to which energy Using this assumption Eq. (2) can be solved for the ratio
is transferred (site A2). The population of ions in the ith A2 /S 2 obtaining
level of the sensitizers and activators is designated by S, or I, WF pV la

A,, respectively. - 8 exp( - AEkT) (4)
The population of the metastable state S, involves ab-

sorption of excitation laser photons from 4'9/2 to 2P1 / 2 and for the ratio of the fluorescence intensities.
then rapid nonradiative relaxation from 2P,/, to S2. There- Figure 8 shows the natural log of the ratio of the inte-
fore, the rate of population ofS 2 is effectively W, the optical grated fluorescence intensity of activator and sensitizer as a

pumping rate. IV, and IV, are the rates of population loss function of inverse temperature for C4 and D5 site pumping.
from the metastable levels S, and A,, and B. and B, are The results obtained by fitting Eq. (4) to the data are shown
nonradiative transition rates between the two Stark compo- as solid lines in Fig. 8 and the parameters obtained from
nents of the sensitizer multiplet involved in the transfer, these fits are given in Table II. AE, is the activation energy
These Stark components are separated by an energy gap of determined by the slope of the linear fit to the data in Fig. 8
AE,. Energy transfer between ions occurs through the spec- and the intercept is associated with the constant
tral overlap of the activator level A, and the sensitizer level 16( fV,,/I V, ).
S3 that is thermally activated. Any energy mismatch With the available data, identification of the metastable
between the levels can be compensated by lattice phonons sensitizer level involved in the transfer is not conclusive but
and the transfer will still activate with the Stark splitting the most probable candidate is the 4F,1 2 level. The energy

S20

It Site C4

0 0

20S e 5

40

A9f2 , 60r I. ...a .. . _
\10 (X X) 0 M04 0) W4~ 00(I12 0 0 it,

ST ' (K 1)

FIG 7 M lodel used to explain the lemperaiure dependent energy iranser Ft 80 Teiperatire dependence ot lthe luorescence intnensitv raiios for A 2
observed in Nd:IJNAG activators with C4 or )5 selnsitzers.
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TABLE I. Experimental energy transfer parameters fur the sensitizers C4 '.......

and DS.

Sensitizer AE, 4,E_
1 0

C4 278 33 cm 38+18 151cm-'
D5 338 51 cm 9±4 319cm-'

*--LASING REGION.

difference between the lowest Stark component of this multi-
plet for the activator site, A2, and the sensitizers, C4 and D5, 0 715 740 741 750 755 760

is given in Table II as AE,,,,.. For the D5-A2 transfer there Wavelengih (nm)
is a reasonable agreement between the activator energy re-
quired for energy transfer and the site-to-site energy differ- FIG. 9. Absorption spectrum (EIc) for the region used in laser pumped

ence, AE,,,,, of the 'F,, level. The difference between AE, las,.r experiments. The spectral pumping region for which lasing was ob-
tained is marked. Also, spectral pumping regions resulting in blue and green

and AE ...... for tie C4-A2 transfer indicates that phonons fluorescence are indicated.
with energy of 120 cm - would be released in this transfer
process.

levels of 150 mW the Nd:BMAG laser power output levels
IV. LASER-PUMPED LASER STUDIES offdue to saturation ofabsorption in the laser mode volume

Laser action was obtained at room temperature in (waist diameter, d -- 0.069 cm). The threshold for lasing

Nd:I3MAG using an alexandrite laser as the excitation varies only a small amount with changes in pump wave-

source. The alexandrite laser output was tunable from 725 to length but there are significant changes observed in the slope

790 nim and consisted of a series of pulses of duration 300 ns efficiency. Pumping at 749.5 nm results in the highest slope
within a 60Its envelope. The maximum power at the peak of efficiency (22%) and the lowest power threshold.
the gain curve was 20 W at a repetition rate of2O Hz and the Blue and green fluorescence was apparent to the eye for
spectral width was approximately I nm. alexandrite pumping of Nd:BMAG. As observed uy eye, the

The crystal was mounted in a 23-cm long cavity consist- intensity of this fluorescence did not significantly change
ing of a 50 cm radius of curvature high reflector and a flat when the sample was lasing. Moreover, the fluorescence
85% reflective output coupler. Transverse pumping was em- showed changes with excitation wavelength suggesting ex-
ployed (EIc) with cylindrical and convex lenses used to fo- cited state absorption of pump laser photons may be occur-
cus the pump laser beam in a line the length (0.56 cm) of the ring. For excitation between 729 and 752 nm the fluores-
Nd:BMAG sample. An iris was positioned in the cavity to cence appeared as an intense blue and then a weaker green as
limit the number of oscillating modes. The power incident the alexandrite laser was tuned to longer wavelengths. The

on the Nd:BMAG crystal and the power output from the pump wavelength yielding the highest laser slope efficiency
Nd:BMAG laser were measured with two calibrated power
meters. The Fresnel reflections and absorption within the
cavity mode volume of the material were considered when
calculating the power absorbed by the crystal.

Figure 9 shows the absorption spectrum in the pumping 5 I

region used in these experiments. The spectral structure is
associated with absorptions transitions terminating on the 20

various Stark components of the 4F, 2 and 'S,,2 manifolds. A 75 4,,,
For all Ilie excitation wavelengths used, Nd:BMAG lased at A o 7,14 n,
a wavelength of 1054 lint. As discussed in the previous sec- 15
lions this wavelength corresponds to the 

4
F (R,)-

4111/2 ( YI ) transition of the A2 site in Nd:BMAG. Lasing CL

was observed for pump wavelengths from 736.7 to 758.8 nm, 0-
which covers most of the absorption spectrum shown in Fig. o
9. Lasing could not be obtained for excitation wavelengths 5
shorter than 736.7 nm because the gain curve of the alexan
drite laser limited the available pump power.

The laser power output of Nd:BMAG at 1054 nm was 4)) 60 It00 120 141)

monitored as a function of the incident pump power for sev-

eral excitation wavelengths and the results were used to de- Absoihed pO(W)

termine the laser threshold and slope efficiency. Figure 10 FIG. 10. Laser output power ( 1054 nin vs the cilcnlaied ahsorscd pump

shows tle data oblained in this work. Above absorbed power power in the mode vlume of i"e cavity for hifferent pump wavelcigthI1
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(749.5 nm) also was associated with a minimal amount of
upconverted emission. This suggests that the processes pro- 30
ducing upconverted emission may be limiting the efficiency
of the Nd:BMAG laser at some pump wavelengths. --_,_

Excited state absorption (ESA) of pump photons is pos- i --,
sible when the pump wavelength is tuned to the transition 25

energy between any populated excited level and a higher lev-
el. Additionally, the incident pump photon rate must be
comparable to the decay rate of the initial excited level. Be- 20 -,n -

cause of the high energy and short duration of the spiked --',- ------ -

alexandrite laser pulses, this condition may be satisfied for .z- -
some of the intermediate levels ofthe Nd' ' ion. An efficient 2 i 6 1
ESA process also requires a resonance for absorption from 15,~I F

,12 'Slt/

the ground state. Excitation frequencies that exactly match ,
both resonance conditions may not be possible but transi- ,
tions involving vibronic levels will extend the range of wave- 0o12 11

lengths available for ESA.
The fluorescence in the blue-green spectral region was

recorded for three alexandrite excitation wavelengths and
the results are shown in Fig. 11. The spectra are corrected for 5 'Ilia
both detector and filter response and each spectrum was nor-
malized to the highest peak in the scan range. The absolute i _,,-

intensity for the 738.6 nm excitation is at least an order of 0
magnitude greater than for the 743.2 and 753.6 nm excita-
tions. Using the room-temperature energy levels for FIG. 12. Excited state absorption transitions and associated Iluorescence

Nd:BMAG it was possible to determine the origin of the transitions observed for rooni-teniperature alexandrite laser puntiping of

upconverted transitions observed in these spectra and this is Nd:BMAG.

shown in Fig. 12 with respect to the energy level diagram.
The most probable excited level for ESA is the metasta-

ble 'F,,, state due to its long lifetime. However, for alexan-
drite pumping of Nd:BMAG there are no terminating levels 4F,,, -'G 9 /, labeled transition 2 in Fig. 12, is a close match
within the pump wavelength range and it is concluded that to the wavelength of the lasing photons at 1054 nm. This
this level is not involved in the processes occurring. Addi- ESA transition will be present for all pump laser wave-
tionally, there were no significant changes in the intensity of lengths and is not responsible for the pump wavelength de-
the upconverted emission when the crystal was lasing which pendent effects observed here.
would be expected if this state was involved. The transition The excitation wavelengths 743.2 and 738.6 nim produc-

ing blue fluorescence are a good match to the ESA transi-
tions 4F5/2 _ 2P3/2 and 4F/2. 4 D,,, respectively. These
processes, indicated by transitions 3 and 4 in Fig. 12, de-
crease the number of ions reaching the upper laser level 4",,

1Ij and thus reduce the efficiency of the laser. The two levels
taking part, 4F,12 and 'F7/ 2 , are known to have very fast

Ax 76 decay rates and ESA effects may only be associated with the
high energy, fast pulse excitation of alexandrite laser pump-
ing. Also, cross-relaxation between Nd' + ion pairs may en-
hance ESA effects by changing the single-ion decay rates
from these levels. Models describing ESA of pump photons
have been discussed recently by Kliewer and Powell" and

-4 Petrin et al. o The nonlinear, coupled differential equations
-I describing the level populations were solved numerically.

The results show that excited state absorption of puntp pho-
tons can decrease the slope efficiency but the model does inot
yet describe the full extent of the effect.

... ,, .1... ...,) ,., 6 I V. SUMMARY AND CONCLUSIONS

W.,, ilt I The results obtained in this work show that Nd' ions

occupy several different crystal field sites in IIMAG crystals.
F II Room-temperature Iuorescence (if Nd:IIMAG observed for dif- This produces large inhomogeneous broadening ot tlhe spec-
ferent excitation wavelengths of the alexandrite laser tral transitions which infuttences the cross sections involved
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Nd*: Ba2ZnGe 2O7 (BZAG) is an attractive material to be pumped by laser diodes because its fluorescence
lifetime is 305 Asec and it has a broad absorption centered at 806 nm. In addition, Nd3 BZAG has a broad
fluorescence spectrum and offers the potential for tunable laser output wavelengths centered at 1.06 and
1.34 m. Time-resolved, site-selection spectroscopy measurements revealed ten different crystal-field sites for
Nd3 ' in BZAG, but strong energy transfer between nonequivalent ions at room temperature results in emission
from only one major site. Diode-array aide pumping of 5-mm-diameter rods produced optical slope efficiencies
of 22.8%. Crystal structure, Judd-Ofelt analysis, and laser performance are discussed.

INTRODUCTION method." The salient conclusions of the Night Vision

For many years, Nd3  doped in Y3A60 12 (YAG) has been study were that Nd3 +: BZAG is a medium-gain laser ma-
the most common solid-state flash-lamp-pumped laser terial, with a stimulated-emission cross section, a fluo-
owing to its high stimulated-emission cross section, ther- rescenco linewidth, and thermomechanical properties
mal conductivity, and mechanical strength. In the search intermediate between those of YAG and most glasses. 3

for improved laser materials, many materials have been Nd3 +: BZAG possesses a longer fluorescence lifetime thanNd3  YAG and exhibits a broader absorption and fluores-
studied that possess theoretically better Q-switch proper-
ties than Nd3  :YAG.' Unfortunately, many of these ma- cence spectrum than those of Nd 3 *-doped YAG, YAIO,

terials were generally unable to tolerate the thermal and YLiF4.' In this study we report the results of x-ray

stress produced by the UV radiation that is present with diffraction, detailed spectroscopic analysis, and the lasing

flash-lamp pumping.2 Today, with efficient and long-lived properties of Nd-doped BZAG under diode-array, alexan-

GaAlAs diodes operating at ideal pump wavelengths for drite, and dye-laser pumping.

Nd 3  ('F 2. 2Hw,2 levels) in the near IR, it is possible to
consider host materials with less stringent thermome- EXPERIMENTAL RESULTS AND DISCUSSION
chanical requirements than Nd3  :YAG has. Desirable
properties for a diode-pumped Q-switched laser material Crystal Growth and Elemental Analysis
include a longer fluorescence lifetime and a broader ab- The BZAG crystals used in this study were grown in the
sorption band compared with Nd' :YAG. A long fluores- late 1960's by A. Linz (Massachusetts Institute of Tech-
cence lifetime would increase the storage capacity of the nology), who used the top-seeded solution technique with
material and reduce the number of diodes needed to pro- a nominal 2 mol % Nd3 * added to the melt. These sam-
duce a given output energy. A broader absorption band ples are the same as those used by Horowitz et al.3 in the
would permit a greater wavelength tolerance for an array, previous study of this laser host. A spectroscopic sample
thereby reducing system cost. was analyzed for elemental composition by Galbraith Labo-

Flash-lamp-pumped laser action of Nd-*:Ba 2 ZnGe 207 ratories, Knoxville, Tennessee. Analysis of the sample
(BZAG) was demonstrated by the U.S. Army Night Vision gave the following results (in weight percent): Nd, 0.14;
Laboratory in 1972. 3 BZAG possesses the akermanite Ba, 45.82; Zn, 10.74; Ge, 23.61; K, <0.010, and Na, <0.010.
(melilite) structure and congruently melts at 1320°C, The corresponding Nd density was determined to be
which allows these crystals to be grown by the Czochralski 2.9 x 10- ' cm 2.

0740-3224/90/071190-08$02.00 © 1990 Optical Society of America
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Table 1. Summary of Single-Crystal X-Ray methods with the Nicolet computer routine SHELXTL PLUS

Diffraction Results for Ba2ZnGe 2Oe (MicroVax II). The atomic positions of the various ions in
t ythe unit cell are given in Table 1.

Atom x y z U(eq)'  Figure 1 shows the BZAG unit cell. Four equivalent
Ba 0.1651(I) -0.3349(1) 0.4927(2) 28(1) Ba ions occupy distorted square 0 antiprisms in the unit
Z1 0.00000 0.00000 0.00000 26(l) cell. Ge ions reside in distorted tetrahedra linked at one
(;e 0 3591(2) -0.1409(2) 0.0383(5) 25(l) corner to form double Ge2 07 oriented upward and down-
O(l) 0.0826(16) 0 1873(14) 0.8105(22) 41(4) ward relative to the optic axis.' Both the Ba2  and the
0)2) -0 1393(16) -0.3607(16) 0.2717(35) 48(6) Ge + sites possess C, symmetry. Nd * ions substitute
0(1) 0.00000 0.50000 0.8404(40) 26(4) with charge compensation at the large Ba" site. Since

'All 281 reflections were considered observed on the basis that F. > the Zn 2 ' site (S 4) lacks inversion symmetry, it may be
6V,,iF,. A ful-initrix least-squares refinement minimized Y.AIF1 - doped with large-oscillator-strength divalent transition
IFjI)". w = ,

2
b) + 0.0066Fol For all reflections, refinement converged metals, with the potential of creating a tunable vibronic

to R = 00495. wI? = 00721, S = 1.02, and (A/),,, = 0.013. Atomic
coordinates (x 10') are equivalent isotropic displacement parameters (A X laser material.
10') are listed below

F.quivalent isotropic If dpfined as one third of the trace of the Absorption and Refractive-lndex Measurements
orthmgonalized U, tensor. Parenthetical values are estimated standard
evinhfins The absorption spectra were recorded with a Perkin-

Elmer Lambda 9 spectrometer equipped with the polar-
9 izer attachment and the 7500 computer. Figures 2 and 3

are the polarized absorption spectra of Ntd34 : BZAG be-
.- J> \1-j. - 47 ,/ ,, ,tween 300 and 1000 nm at room temperature. For most

wavelengths, the absorption coefficient for light having its

(3 ) 0 0 0 0 0 0 E vector normal to the c axis (E,) is greater than that for
. ?9 ,radiation with E parallel to the c axis (E.). These obser-

vations are consistent with results for an analogous mate-
-* K[- , -' ~rial, Nd3 *:Ba 2MgGe2 O7 .75s The absorption cross section

at the peak of the 2F/ 2 transition at 806 nm is five times

0" 0 0 0 0 0 0 0 O higher for E, than for E,. Another salient feature of the

9 .spectra is the inhomogeneous broadening occurring in
- " N.I2K-Nd 34 : BZAG, which produces absorption linewidths inter-

O~ 0 0© 00 00

t0

_E E.LC

o Ba '  o Zn2 ,

* Ge 4' - 0 "
Fig. I. Crystal structure and unit cell of BaZnGe2O7 (akerman-
itel. The c axis is vertical

X-Ray Diffraction 300 0 5W 6 0 I
Wsvelengh (nm)

The crystal structure analysis was performed at 22°C, Fig. 2. Absorption spectrum of Nd 3
*:BZAG at room tempera.

on a 0.25-mm-diameter ground sphere with an automated ture with E perpendicular to C. The Nd concentration is 2.9 x
Nicolet R3m/V diffractometer equipped with an incident- I019 cm -3

.

beam graphite monockiromator and Mo K-a radiation
(A = 0.71073 A). A least-squares refinement of 20 cen- .0
tered reflections within 10.0 ° S 20 < 27.5° yielded the
lattice parameters a = 8.347(2) A and c = 5.554(3) A, 0.- o.

within reasonable agreement with the published values EIIC

of Sirazhiddinov et al. X-ray structure investigations Z 0,4
showed that Nd: BZAG has tetragonal symmetry with a •
space group P421ni (No. 113), with Z = 2. Intensity data 0

were collected in the 20 mode (3.5' to 45.0°), with variable
scan rates from 3.9 to 14.6 min. The two standard re-
flections, measured for every 50 reflections, showed no
significant change during data collection (<1%). The
2114 measured reflections had Miller indices of -8 :s h :s 0.0

6, -6 :s k s 8, and -6 S 1 < 8. Equivalent reflections Wavailtthinml
were averaged to give 281 unique reflections, Ri., = Fig. 3. Absorption spectrum of Ndj*:BZAG at room tempera.
7.49%. The structure was solved and refined by direct ture with E parallel to C.

a • am0
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Table 2. Indices of Refraction of Nd3 +: BZAG be noted that the fluorescence spectrum has not been
corrected for the wavelength response of the R928 photo.

Wavelength multiplier used. Detection of the fluorescence with a

632.8 1.760 1.747 750-nm blazed grating and an RCA 7102 (S-1) photomulti-
611.9 1.767 1.752 plier, and thus with nearly constant sensitivity between
594.1 1.764 1.752
543.0 1.764 -
514.5 1.776 1.762 to-
501.7 1.772 1.762
496.5 1.775 1.762 Elc
488.0 1.773 1.756
476.5 1.781 1.762
457.9 1.790 1.777
441.6 1.796 1.756

Sellmeier Coefficients 0.5-

A 2.012 2.000
B (Mm2) 0.01662 0.01168

E1c

mediate between those of YAG and glasses. This is due 0--1-1 -1 1,

primarily to the distortion of the crystal field around the M 1179 M M 3 mer
Nd s  ions caused by charge compensation. Since no Wvlnt =
mnvalnt ions aus eteted by charge c satio e n- Fig. 4. Fluorescence spectrum at room temperature of the
monovalent ions were detected in the sample, the substitu- 'F --p '5,2 transition.

tion of Nd 3 for Ba2' requires the use of interstitial anions

or cation vacancies for charge compensation.9

The refractive indices, n.., of Nd: BZAG were mea- 1.0-
sured by the method of minimum deviation. A polished tic

prism was fabricated with an angle of 30'59' perpendicu-
lar to the optic axis. He-Ne, He-Cd, and Ar-ion lasers
provided polarized monochromatic light from 442 to
632 nm. The measured refractive indicies are tabulated

in Table 2. These experimental data were least-squaresfitted to Sellmeier's dispersion equations, yielding ' 05-

2.012A 2

n. - + A2 
- 0.01662 m2

n. 2 1+ A22.000A' 2 (2
- 0.01168 Am

2  (2)C
0 0 T T_.r.. . . T-..

Nd3 *: BZAG Fluorescence 1020 1940 low IM 1100 Wit

The fluorescence spectrum of the "F3/2 metastable state in Wavelength (nml
Fig. 5. Fluorescence spectrum at room temperature u the

Nd 3 ': BZAG was recorded with a Spex F222 spectrometer 4F31/2  4111 transition.

equipped with a liquid-N 2-cooled Ge or room-temperature
Si detector. Figures 4-6 show the polarized fluorescence
spectra in the region of the 'F3,2 -- '42,, 'F3/2 --_ 4I112, and
4F12 -- '112 transitions and were corrected for detector ,o-
response, grating efficiepcy, and polarization effects. EC
The fluorescence spectra for transitions terminating to 7

%2were not corrected for reabsorption. In all cases, the
fluorescence intensity is stronger for E, than for E,.
These spectra are different from those published, and the
differences are attributed to the lack of correction factors 05-
in the previous study.3 The broad nature of these fluores-
cence curves shows the potential for continuously tunable
laser output, which is not obtainable in Nds*: YAG.

In addition to the typical emission from Nd 3', fluores-
cence was also seen at higher energies. Fluorescence and "El1c
excitation spectra were recorded in this spectral region
with the Perkin-Elmer MPF-66 fluorescence spectropho- 0 , ,
tometer. Figure 7 shows the room-temperature fluores- Wavelength Ini
cence spectrum of a band at 805 nm that is characteristic Fig. 6. Fluorescence spectrum at room temperature of the
of emission from the 4F.V2 , 2H912 manifold to '12. It should F312 - 41131,-2 transition.
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10 fluorescence lifetime was observed to be shorter than
50 nsec.

Excitation
C- Site-Selection Spectroscopy and Energy Transfer

With dye-laser excitation we were able to excite Nd ions
4 selectively in specific crystal-field sites. Absorption and

fluorescence spectra below 35 K were significantly nar-
row, enabling us to determine the energy-level positions of
the Nd 3" ions. An excitation spectrum was generated by
using Coumarin 440 dye pumping in the region of the 'P,,,

0 \ ..-- '-___energy level since it is nondegenerate with respect to the
200 300 400 500 600 700 electric field (it has only one Stark component) and is rela-

tively isolated from other energy levels. The laser pro-
Wavelength (nm) vided pulses of less than 10-nsec duration and less than

0.5-A FWHM. The excitation spectrum of Nd3 *:BZAG
1.0 - appears in Fig. 9, which shows five crystal field sites (la-

beled A through E), with the majority of Nd3 * occupying
A sites. These sites are due to dramatically different

Emission crystal-field interactions with Nd 3 . Three of these sites
are found to be composed of distinct subsites (A1-A 4, D. 2,
and E,.2) for a total of ten crystal-field sites. These tran-

U' sitions are attributable to weaker crystal-field variations
and exhibit changes in wavelengths and intensities (con-/ centrations) resulting from Nd34 ions' residing in the Ba2

/ Jsite with different nearest neighbors.
0 Low-temperature fluorescence spectra indicate that the

I rF- -

760 780 800 820 840 860 880 900

Wavelength (nm)

Fig. 7. The excitation and fluorescence spectra of Nd 3 : BZAG 1.0
showing the emission from the 'F 2, 2HW2 manifold. For the
emission spectrum the excitation wavelength was 587 nm and
the resolution of the emission monochromator was 2 nm. For the Excitation
excitation spectrum the emission wavelength was 804 nm, both 0
monochromators had a 5-nm resolution, and the spectrum was
corrected to 600 nm with a quantum counter.

800 and 900 nm, showed the 'Fv,. 2HW2 emission to be 0
weaker than the F312 by approxiinately a fator ol 50 at 0 50 ,
room temperature. The room-temperature fluorescence Wavelength (nm)
lifetime at 800 nm when frequency-doubled Nd* :YAG ex-
citation is used is equal to that of the "F3 2 state to within
experimental error. Given the rather small energy gap 1.0

(-1000 cm-')"between the F6 'H2  and 'F312 manifolds,
we conclude that these mapifolds reach thermal equilib- Emission
rium in a time scale shorter than the room-temperature
fluorescence lifetime. In view of the weakness of the
'F 2, 2H9/2 fluorescence relative to that from 'F312, this
higher-energy manifold fluorescence should have a mini-
mal effect on laser performance. "

Figure 7 also shows the excitation spectrum of the ger-
manium oxide fluorescence, which clearly agrees with the
absorption spectra except for the absence of the strong UV a
absorption edge near 320 nm with a tail extending into 400 40 500 55o 60 65o 760 750 800

the visible region.
Figure 8 shows the room-temperature fluorescence and Wavelength (nm)

excitation spectra in the UV/viaible region. These spec- Fig. 8. Excitation and fluorescence spectra at room temperature
tra are characteristic of the host (presumably from a of the host. For the emission spectrum the excitation wavelength

was 220 nm and the resolution of the emission monochromator
germanium oxide center)" and not of Nd'* (4f) states. was 2 nm. For the excitation spectrum the emission wavelength
This broad fluorescence can also be excited by the doubled was 500 nm, and the spectrum has been corrected with a quan-
Nd 3 :YAG laser (532 nm). With this pump source the turn counter.
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1.00 where L is the sample length and a(A) is the absorption
A, (x 1/2) coefficient. To determine F, the 7r and o transmittance

spectra (with the Fresnel loss removed) were merged to-

0.80 gether and integrated as given by Eq. (3). The absorb-
ances were converted to line strengths, S.,,, by using
Eq. (4):.: 0.50 s_

. 3ch(2J + 1) 9n

A, S8' 3e Ap [(n2 + 2)]JF, (4)

E 0.40 where A is the mean wavelength of the band, J = 9/2 is the
angular momentum of the ground 'I4 manifold, and p is

A_ the Nd 3s concentration (2.9 x 10" cm-S). Values for the
0.20 02 index of refraction were taken from Sellmeier's dispersion

S C equations ( ) and (2) and were averaged in the same man-ner as the integrated absorbances. Table 3 shows the

8.0 4spatially averaged absorbances and line strengths for nine
428.0 430.0 432.0 434.0 436.0 438.0 absorption bands. A least-squares fitting of S ,k to S,.,

Wavelength (nm) yields values for the Judd-Ofelt parameters of f12.4,.. The

Fig. 9. Excitation spectrum at 35 K in the region of the '1w2 radiative lifetime and the branching ratios of the 'F312
PI12 transition. The excitation peaks correspond to different state along with f12,4.6 are given in Table 4.

crystal-field sites. It is worthwhile pointing out two prominent features

from this analysis. First, the branching ratio to 'IW2 is sig-
nificantly larger in Nd 3 : BZAG (41%) than in Nd' : YAG
(-30%),' which enhances the stimulated-emission cross

most intense transition from 'F312 to 41112 is site dependent section down to the ground-state manifold. This fea-
and ranges from 1052.5 nm for Al to 1078.0 nm for D1. ture has been observed in another melilite crystal,
The Stark levels for 'I42, '111/2, the lower state of 'F 3/2, and Nd 3, :SrGdGa 30,"' and is desirable for generating 0.9-kim
2P,,2 have been spectroscopically determined for sites At,
B, C, DI, and D2 and appear in Fig. 10. Line overlap of
the various subsites is responsible for the multisite fluo-
rescence observed at low temperatures and inhibits the
clear identification of the Stark levels of all sites. Room- ____.

temperature fluorescence at different excitation wave- 23 000 2 2p9 2

lengths exhibits only type A fluorescence, which implies
rapid energy transfer and an enhancement in laser pump-
ing. In Nd 3*: Ba 2MgGe 2O7 the energy transfer is ther- 22 500

mally activated and occurs on a time scale much faster
than 10 isec.8

The low-temperature fluorescence lifetimes of "F., for
the various sites also appear in Fig. 10. The fluores-
cent lifetime of the A site was measured between 10 and
350 K and was temperature independent for this sample 11 500 .. . ...

concentration. - (305 (293 ,4 F
E - sOc) ASOC) (438 47 F3 2

Branching Ratios and Radiative Lifetimes of Nd' : BZAG . 11 000 M SOC

The branching ratios and radiative lifetimes of 'F3,2 -C

(J = 9/2, 11/2, 13/2, 15/2) f r Nd* in BZAG were deter- ,,
mined by direct application of the Judd-Ofelt theory" 2  2 500
Judd-Ofelt analysis has been performed with a high ....

degree of accuracy to determine Nd3 + laser parameters. 11,1, "- 29 2

Numerous authors have described the data-reduction 2 0009 4 - 0

procedures for isotropic materials, and the procedures will
not be given here.'" The measured polarized absorbances
were averaged spatially by the method of Lomheim
and DeShazer'5 since the absorption coefficient for ,,,
Nd2 :BZAG varies dramatically with the polarization of 500 -.4

the incident light. The spatially averaged integrated ab- ,24_. __ 229 19 2

sorbance, r is --
0 .. ±... _ _ .-.. --. __L_..

-(l1L) J ln{l/3 exp(-a,(A)L] + 2/3 Al B C D, D2

fbnd Fig. 10. Energy levels and fluorescence lifetimes for

x exp[-a A()L]} dA, (3) Nd '.BZAG.
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Table 3. Spatially Averaged Absorbances and Line Strengths (Measured and Calculated) for Nd :BZAG

Excited J Manifold A (nm) P (nm/cm) S,,." S (aS),

'F31 877 3.910 0.83 1.12 0.0841
'F.2, 

2H,,- 804 14.434 3.34 3.20 0.0196
'F11, "%.2 746 11.642 2.90 3.03 0.0169
'F,2  685 1.029 0.28 0.21 0.0049
"H1,.2 627 0.110 0.03 0.06 0.00091, -. 2(,
', 2 585 18.019 5.69 5.70 0.00012K11,2.'41712. '( h. 529 5.223 1.82 1.62 0.0400

7KIS02, 
2Gs.2, 

2D3,2, 2G1112 467 1.132 0.44 0.34 0.0100
2Pla 431 0.279 0.12 0.16 0.0016

°10 20 cm&; rms line strength, 2.50 x 10-20 cmI; 6,S_ = 0.17 x 10
- 2
0 cM 2; rms error, 6.8%.

Table 4. Judd-Ofelt Parameters and Predicted Precision IjP-734(6) pyroelectric joulemeters, and the
Optical Properties of Nd 4 in BZAG temporal output was monitored with a Si photodiode. A

Judd-Ofelt parameters fl2 = 3.22 x 10 2
0 cm2  Lexel Model 504 power meter was used to measure the

fl, = 3.86 x 10- 20 cm' dye-laser pump power.

fle = 4.31 x 10-20 cm2  The laser rods were fabricated from a 5-mm-diameter x

'F3,-2 Radiative lifetime 280,sec 27-mm-long sample with the c axis nearly perpendicu-
lar to the rod faces. The optical quality of the material

4Fnh2 ing 41.1% was excellent, and the optical finishes showed no water
'Fn - 'Ih,. 49.1% absorption damage after more than 15 years of storage.

'F31--o 'I& 9.4% An interferogram of this stock material produced a peak-
'F3r -. 41M2 0.4% to-valley distortion of 0.156 wave, with a rms deviation of

0.027 wave at 632 nm. Two rods were fabricated to a
length of 11 mm and were broadband antireflection
coated at one end (centered at 1.05 Am) and highly reflec-

radiation from Nd 3 -doped laser materials. Second, the tion coated on a 5-m convex radius of curvature on the
radiative lifetime of the 4F312 state has been calculated to other. The barrel of the rod was polished and was antire-
be 280 j.sec and is within experimental error of the fluo- flrction coated for the 806-nm pump wavelength on 240
rescence lifetime of the majority A site. This implies that of the barrel for efficient side pumping. The rod was 0
the quantum efficiency of the 4F3N state of Nd 34 : BZAG, mounted in a polished Cu block and was rotated to maxi-
7 = f/r,, is near unity. mize absorption and laser performance at 1.05 Am.

Table 5 summarizes the experimental results for these
Laser Measurements three pump wavelengths. The optical slope efficiencies in
Room-temperature laser action was achieved in Table 5 for alexandrite pumping were normalized for ab-
Nd3+ : BZAG at 1.054 /Am in both the side- and end-pump sorbed power in the crystal since the coating was partially
geometries with three different laser sources. In the reflective for the pump radiation. Figure 11 shows a
side-pump configuration the pump source was a laser- comparison between alexandrite end-pumped Nd3 4-doped
diode array operating at 806 nm that was close-coupled to BZAG and YAG made with the same cavity length and
the rod; it was described in a previous publication. 7 The output coupler. The slope efficiencies for Nd 34 : YAG
end-pump sources were an Allied Technologies MSS00 and Nd 34 :BZAG were 59% and 16%, respectively. The
alexandrite laser (1.6 W) operating at 755 nm and a 1-W diode-array side-pumping performance for Nd3 :BZAG
Coherent 699-29 Rhodamine 6G dye laser operating near appears in Fig. 12. The slope efficiency of 22.8% is signifi-
590 nm. For alexandrite end pumping, the alexandrite cantly less than Nd : YAG's value of 47.7% in this setup."7

laser was collimated to a 5-mm diameter and operated The lower efficiency of Nd ' :BZAG is attributable to
long pulse (100 sec) at 4 Hz. The cw dye laser was higher resonator losses and to a reduced upper-state
focused into the rod with a 3-cm focal-length lens and efficiency' compared with those of Nd' :YAG. The
chopped at a 50% duty cycle to prevent damage to the coat- round-trip Findlay-Clay losses for multimode operation of
ings. Pulsed output energy was measured with Laser Nd 24 : BZAG were measured to be 4%, which are 33% higher

Table 5. Laser Performance of Nd8 4 :BZAG (1054 nm) at Three Excitation Wavelengths

Cavity Outcoupler Slope
Pump Laser Pump Length Pulse Reflectivity Efficiency

Wavelength (nm) Geometry (cm) Duration (Radius of Curvature) (%) 0

Diode array (806) Transverse 10 300 jsec 0.975 (64 cm) 22.8
Alexandrite (755) Longitudinal 15 100 usec 0.975 (57 cm) 16.4
Rhodamine 6G (590) Longitudinal 3 cw 0.97 (6 cm) 18.0
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*operation. The diode-array-pumped slope efficiency was
YAG 22.8%, which is less than the 47.7% value determined for

_7 Nd 3 * : YAG. This smaller efficiency is attributed to less
efficient pump coupling owing to the smaller-diameter

, ci Nd3 :BZAG rod and higher scattering losses. Diode-
70 - array-pump efficiency can be increased by improvement in
S60 - crystal quality, along with an increase in the Nd con-
0a centration or absorption path length and more efficient

,a - ZAG pump coupling.
30 4-
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III.- S ECTROSCOIC PROPERTUIES OF

CHRO IUM-DP D ASER CRYSTALS

The five manuscripts in this section document the results of

four-wave mixing studies of Cr3+-dopeu laser crystals. The first

paper describes results obtained on alexandrite. One important

aspect of this work is the theoretical development that was done

to understand the propertie- of four-wave mixing signals of ions

in solids. This has resulted in the characterization of long

range energy transfer among the chromium ions which can affect

the saturation properties of the material during optical pumping.

In addition, this work reports the identification of the

relaxation channel between the pump band and the metastable state

which has not been previously investigated.

Similar properties were studied in chromium-doped emerald,

several garnet crystals, and a glass ceramic host. The work on

emerald and the garnet hosts focused on characterizing the energy

migration and on the identification of ions in different local

crystal field sites. Laser-induced color centers were also

reported in the garnets. In the class ceramic host the

investigation focused on relaxation processes.

This work is a continuation of previous studies of Cr3+

laser materials. The data base being Pstablished from this study

is providing information that can be used to predict the spectral

properties Cr3+ ions in other laser crystals. On important

observation from this work is that non-random distributions of

Cr3+ ions are present in most materials and play an important

role in determining spectral dynamics.
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Laser-induced grating spectroscopy of alexandrite crystals
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Four-wave-mixing techniques were used to establish and probe population gratings of Cr' + ions
in alexandrite crystals at temperatures between 10 and 300 K. The results were interpreted in terms
of the interaction of the laser radiation with a two-level atomic system. They provide information
about the characteristics of four-wave-mixing signals for this physical situation as well as being use-
ful in characterizing the properties of energy transfer and dephasing within the ensemble of Cr J+

ions. The patterns of the transient four-wave-mixing signals are consistent with a model based on
the pumping dynamics of ionb in the mirror and inversion crystal-field sites. The variation of the
signal intensity with laser power is strongly affected by beam depletion. The characteristics of exci-
ton migration among Cr3 + ions in mirror sites were determined from the results of measuring the
variation of the signal decay rate with grating spacing. The temperature dependences of the ion-ion
interaction rate, the exciton-phonon scattering rate, and the diffusion coefficient were determined.
These are found to be essentially the same for pumping into the 4T2 and 2E levels, but the effects of
scattering from a grating of ions in inversion sites is much stronger for 'T2 pumping. The dephas-
ing times for the atomic system were found from analyzing the variation of the signal intensity with
grating spacing. For pumping into the 4T2 level the dephasing is dominated by radiationless decay
processes. A model is presented for the decay zhannel that provides a theoretical explanation for
the decay process which is consistent with the measured temperature and frequency dependences of
the results as well as their variation with crystal-field strength. For pumping into the 2E level the
dephasing is dominated by dephasing processes associated with the inhomogeneous linewidth of the
transition.

1. INTRODUCTION the aluminum ions in the chrysoberyl lattice, one having
mirror symmetry and one with inversion symmetry. Ap-

Four-wave mixing (FWM) can be used as a spectro- proximately 78% of the Cr 3+ ions occupy mirror sites
scopic technique by establishing excited-state, spatial and 22% occupy inversion sites.10 The optical spectro-
population gratings in an ensemble of atoms or mole- scopic properties of Cr 3+ ions in each type of site have
cules.1- 4 We have recently applied this laser-induced- been reported previousiy. tI- 13

grating (LIG) spectroscopy method to the study of Previous LI0 results on alexandrite demonstrated the
dynamical processes in several Cr 3 +-doped laser crys- ability to establish gratings in either mirror or inversion-
tals. 5- 8 The results have been useful in characterizing site ions by pumping into the 4T2 levels of the ions in
the general properties of energy transfer, radiationless re- these two types of sites.5 -8 The gratings were found to be
laxation, and excited-stat6 absorption in these materials dominated by the difference in the dispersion contribu-
under specific pumping conditions. The work reported tion to the refractive index when the Cr + ions are in the
here extends this study on one particular material, alex- excited state versus the ground state, with the contribu-
andrite, in two ways: The first involves the development tion due to the difference in the ground- and excited-state
of theoretical models to understand the properties of the absorption cross sections consistent with the results of
LIG signal for this specific type of physical situation: the direct excited-state absorption measurements. t 4  The
second involves additional investigations of energy presence of exciton diffusion among the Cr3+ ions in mir-
transfer and radiationless relaxation, including both the ror sites was observed below 150 K and the diffusion
use of different pumping conditions and the development coefficient was found to increase as temperature was
of more rigorous theoretical models, which results in a lowered. The dephasing times of the LIG signals were at-
more detaiied understanding of the characteristics of tributed to radiationless relaxation processes occurring
these processes. after pumping into the 4T 2 level and the rate of these pro-

Alexandrite is an important, tunable, solid-state laser cesses was found to be different with different local crys-
material consisting of Cr 3 ' ions substituted for A13 1 ions tal fields for the Cr 3 + ions. Although these results
in a chrysoberyl host crystal, BeAl,0 4 . 9 The sample used demonstrated the general nriperties of laser-induced pop-
in this investigation contained 1.14X 10 9 cm - 3 Cr 3 +  ulation gratings in alexandrite crystals, they left several
ions. There are two nonequivalent crystal field sites for unanswered questions about the observed transient and

38 6227 @1988 The American Physical Society
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equilibrium LIG signal characteristics and did not pro- nonlinear susceptibility of the material. This theoretical
vide complete details of the exciton dynamics and radia- approach to the FWM scattering efficiency predicts a
tionless relaxation processes in this material. Some of quadratic dependence on pump power for laser intensities
these questions are addressed in the following sections. below the saturation intensity, I <15. Recently this

The detailed description of the LIG experimental setup theory was extended to apply to the geometrical situation
• was reported previously.' The two excitation beams of used here.17 The system is modeled as an ensemble of

the same frequency were provided by either an argon-ion two-level atoms, and the fields are assumed to be plane
laser or an argoni-ion-laser-pumped dye laser. A He-Ne waves. This is only an approximation to the actual case
laser was tsed for the probe beam. The dynamical of focused Gaussian beams in a multilevel system, but the
response of the lIG signal was monitored by using a results predicted from this model are useful in under-
mechaiical chopper to interrupt th' pump beams while standing the spectral and FWM dynamics. This model

* pi ocLs,,iig t lie signal beam with an EG&G Princeton Ap- and the model of Abrams and Lind"i start with the same
plicd Rc search WIAR) signal averager. For measure- assumptions, but the theoretical development of the two
mict's of the sleady-state LIG signal, tile probe beam was models differ.
chopped and an EG&G PAR lock-in amplifier was uti- For a two-level system the polarization can be ex-
licd to impreve the signal-to-noise ratio. pressed as

• It. FQUII.IIIRIUM POWER DEPENDENCE P(Eo + AE )= e )dX(E)

AND LIG SIGNAL TRANSIENTS E' AE + I I -E (2

In order io fully understand tie characteristics of sig- E0+AE- , + LE 0 2
nal, observed in lAG spectroscopy involving population
grit ig,,. two theoretical models are required. The first
invole,, the fornalism describing the mixing of the four where
ce)clromagnetic fields in the sample due to coupling X (E)= -2 a/k)[Ii +6)/1 +62+ E/E, 2)] (2)
thirough Ile nonlinear complex refractive index of the
material. lie second involves tile formalism describing 6 is the normalized detuning from line center, a,) is the
fle pumlipilg dynamics of the atomic system interacting line-center small-signal attenuation coefficient, E, is the
with the laser heams. The laser pump beams interact saturation field, 1, is the saturation intensity,
with te alomic ensemble through a resonant electronic E =E, +,Eb, and AE=E,+E,. E, and Eh represent
tanisitioli, thus changing the population distribution of the write beams, L, represents the probe beam, and E,
atoms in dill'eent electronic levels. Since the complex re- represents the signal beam. Assuming plane waves for all
fraclive indcx of the system depends on the relative occu- of the fields and equal intensities for the write beams
pat in of the various energy levels, this pumping provides (I,, =1b), using the slowly varying envelope approxima-
the laser-induced nodulation of tile refractive index, tion, and solving the wave equation
which gives the coupling mechanism for the electric

S fidILls. lie interference pattern of the two crossed laser V2E + e WE 4-,r (3)
plump he:is rcsults in1 a sine-wave spatial distribution of c2 at2 c 2 a,'
the excited-state population, and thus in a refractive in- wlere
dex grating of the same shape. The model for the non-
linear interaction of tile laser beams with the atomic sys- pNL -=XE (4)
ten is essentially the same for all FWM applications.

• This is Important in describing LIG spectroscopy results leads to two coupled equations for the fields. Solving

obtaiined under equilibrium~ pumping conditions such as these equations yields an expression for the scattering

the power dependence oW the signal strength as described efficiency given by17

in this section and the dephasing time of the signal as de- (I/1 )2( I+21 /1, )2exp[2 0 L /( I + 82)
scrined i Sec. IV. File additional model describing the I=-

punipii g dvniainics o. the atomic system is required to cx- [(1 + 21/1 1 -2(1/, )2J(secO- 1)12

plain tie fiansient response of the LIG signal as de- x exp( - 2 4R L ) + exp( - 2 R L secO)
scribed fi this section and to characterize the effects of
transient physical processes such as energy transfer or ra- -2 exp[ -;R( I +secO)L ]cos[ ,( I -sec0)L ]1
dialionless relaxation as described in the following two
sections. (5)

where
A. Equilibrium power dependence

The pump power dependence of the FWM scattering t'5R tI/

efficiency is important in understanding the observed sig- I -t [I 4- 21/1, - 2(1/1, )2]
nals in l.G spectroscopy. Time standard approach 156 in 16 i-1 2 [(1 + 21/1,)2-4(1 /J, . (6
studying tile dyiainics of the transient grating formation
is to model tle ,ystem explicitly using the nonlinear wave Equation (5) can he ;itiplified somewhat, if I l1- is
equation which couples tile electric fields through the small and ) is nol very largv, yielding 17
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a'/( I +6 2 )1 (I 1 )2(I +2I/) 2L2 exp( - 2 'RL)exp[2a 0L/( 1 +82)11

/= [( +2/ )2 4(I/I)23 [211+) -L(l-sec)].

For I <<I, this equation shows that tile FWM scattering these experimental conditions. This causes additional
efficiency depends quadratically upon the write-beam beam depletion which is evident in the experimental re-
power. In both equations 71 decreases with increasing 0. suits.

Figure I shows the FWM relative scattering intensity Experimental measurements of the power dependence
as a function of the laser p, wer in each of the write of the FWM signal pumping into the 4,1"2 level of the mir-
beams for direct excitation of he 2A" sublevel of the split ror sites have been done previously. 5' A slight satura-2E state. Tile LIG was formed by crossing two laser tion is evident in the data. This departure from quadratic
beams from an argon-ion-pumped jet dye laser using power. dependence is also a result of the laser-induced
DCM [4-(dicyanomethylene)-2-methyl-6-(p-dimethyl- change in the absorption coefficient and not a purely sac-
amino-styryl)-4H-pyran] dye tuned to 677.8 nm. Using uration effect since the power of the write beanis was
the measured lifetime, absorption cross section, and ab- much less than the saturation intensity.
sorption wavelength for this transition (2.3 ms,
8.5X 10- 20 cm 2, and 677.8 nm, respectively) the satura- B. Transient LIG signal patterns
tion intensity is approximately 1500 W/cm2. The dashed
line in Fig I is the best fit to the data using Eq (7) with Transient FWM signals have many unique features

I,= 1500 W/cm2 . The theoretical curve has a slope of that distinguish them from steady-state FWM signals.

two, while the data has a less-than-quadratic dependence Abrams and Lind' 5 have studied steady-state FWM pro-

on write-beam power. The solid line in the figure is the cesses theoretically, and Silberberg and Bar-Josephis

best fit to the data using the full scattering efficiency ex- have extended their steady-state solutions to the treat-

pression, Eq. (5), with the same value for I . The theoret- ment of the transient FWM response of a saturable ab-

ical fit to the data is quite good, showing a departure sorber. As mentioned earlier, the FWM signal in alexan-

from the quadratic power dependence at high powers drite crystals is a result of scattering of tie probe beam
The difference between the two expressions used to fit from a laser-induced grating that is predominantly

the data in Fig. I is a result of the simplifying assumption dispersive. Although the results of Abrams and Lind' 5

made in deriving Eq. (7) from Eq. (5). The assumption apply to absorption gratings, dispersion gratings, or a
made is that I !L I is small. Since the absorption line ex- mixed grating, the theoretical treatment of the time evo-
cited is quite narrow (;- I cm') and the laser linewidth is lution of the FWM signal in the presence of all three, laser
approximately of tile same width (0.7 cm-1), it can be as- beams has only been applied to pure absorption grat-
stimed that the imaginary part of is zero since the nor- ings. 18- 2 In this section the theoretical treatment of the
malized detuning parameter is zero. LR represents the time evolution of the FWNI signal is extended to the caselaser-induced change in the absorption coefficient. The of a mixed grating, and the results are used to analyze the
results presented above imply that the laser induced transient LIG signal from Cr3  population gratings ot
change in the absorption coefficient is not negligible for ions in both types of crystal-field sites in alexandrite.

Assuming a three-level atomic system, where the relax-
ation between the level directly excited and the metasta-

100 ble level is fast and the lifetime of the metastable level is
lOC...................", ....... relatively long, the rate equation for the ground-state
50 "population density is

Wdso

r(a/ I o))s o +(S -s o ) )/ . (8)

In Eq. (8) o is the absorption cross section, I is the laser
" 10! intensity of each write beam of frequency to, S is ihe total

population of ions, and r is the lifetime of the metastable
5/ level. This model adequately describes the dynamics of 0

Cr 3 + ions when tile 4T 2 level is pumped, followed by a
fast nonradiative decay to the 2E level which has a rela-
tively long lifetime (2.3 ms at 12 K). The solution of Eq.

1 .. .00(8) assuming a step function for the laser intensity with,
5 10 50 10 tile initial condition that I (t =0)=0 isP (W/cm2 )

FIG. I. FWM relative scattering intensity of Cr2  ions in SO) I -1 /(I, )exp[ -( / r)( I + 1/1 ]
mirror sites in alexandrite as a tunction of the laser power of S I I 1/1, 9

each write beam for direct excitation of the 2,4 sublevel of the
2E state at 50 K. The dashed and solid lines represent Ilhe where 1, I(?io/ur I is the saturation intensity. It is ini-
iheoietical tits from [qs. (7) irid (5), respectively portanl to note that tie lile development of hie systct
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depends upon the saturation intensity and write-beam in- an ion in the excited state it is evident that both the real
tensity. and imaginary parts of the susceptibility and hence the

Following the treatment of Abrams and Lind'5 in FWM interaction are time dependent. The expression for
which the four fields, two write beams, the probe beam, the FWM scattering intensity is' 5

* and the signal beam, are assumed to be plane waves, and 2 (12)
the interaction between the fields takes place through the 71= I Ksin(AL )1 A cos(AL)+T R sin(AL
complex susceptibility X the interaction is expressed in where A=-( I K 2 _y2) 1/ 2, L is the length of the sample,
terms of the wave equation, Eq. (3). The complex suscep- TR is the real part of T, where
tibility can be expressed in terms of the complex index of
refraction i = i +i(a/2k) as T(t)=(k/2i)(X+I5 PdX/dI) , (13)

X =-f 2 -I a 2/4k 2 +i(at/k) , (10) K*(t)=-kfPdX/dI , (14)

where k is the magnitude of the wave vector of the write and P=4(I/I)cos20. 0 is the angle between the two
beams, i is the index of refraction, and a(t)=as(t) is the write beams. It is important to note that the FWM pro-
time-dependent absorption coefficient. Using the non- cess is a result of the term dX/dl, so that if X is indepen-
linear index of refraction dent of I then there is no FWM signal generated. Be-

0 (t)=n +s 2()(An) , 1) cause only the real part oft appears in the expression for
17, only the terms TR, KR, and Kt need to be calculated.

where n is the normal index of refraction, and An is the Using Eqs. (10)-(14) the absorption and coupling
change in the index of refraction due to the presence of coefficients become

0 1(t=1  S(An)n+S[na+S(An)o.] 1+Pexp[-t/7(l+P)]

2 I+P

+SP[na+S (An)o" ] [ 1 
-t /tP(1 + P)]exp[ -t /r( 1 + P)I-1

(I+P)2

-2n 2(An) or I +P exp[-t/M I+P)]I/( +P)[ 1-t/trP( +P)exp[-t/r(I +P)]- 1
( 1 +P)

2

_n 2(An)a Il+Pexp[-t/I(l+P)]12  
(15)

( I p) 2  , I15

KnM LkP fS[-2S(An)2-2n(An)] [l-t/1P(1+P)]exp[-t/r(l +P)]-1
0 ( 1 +P)2

+S212(An )2_a2 /2k' ] II +P exp[ -t/r(I+P) /(I +P)[ I -t/l-P( I +P)]exp[ -t/r( I +P))- 1
(1 +P),I

(16)

t)= -iP IS[h +S(Anla] [I -t/rP(l +P)]exp[-t/7( I +P)I-I
K p (I+P)2

_ 2S2(An) fI +P expf -t/7( I +P)l j/( I +P)l [ l -t/rP(_l +P)]exp(_t /-r( l +P)I_ 1 . (17)

Equations (15)-(17) have contributions from an absorp- state value. The temporal behavior of the transient LIG
tion grating, a dispersion grating, and a mixed grating. signal for the case of a mixed or purely dispersive grating

Previous theoretical work 5- 0 has shown that for is similar to the case of a pure absorption grating.
small write-beam intensities the LIG scattering efficiency Alexandrite is an ideal candidate for studying the
increases quadratically with pump intensity, but that it effects of saturation on the spectral dynamics. The pa-
saturates at higher intensities. In the steady state, the rameter P directly affects the time dependence of the LIG
maximum LIG signal is obtained for I approximately signal, and P is a function of several LIG variables and
equal to 1. 1 )wever, the transient LIG signal can be constants of the material including the lifetime of the ex-
much larger than the steady-state LIG signal. When cited state. The lifetime of the mirror-site ions ranges
I < 1, the LIG is predicted to increase monotonically to from 2.3 ms to 290 ps at temperatures of 12 to 300 K,
its steady-state value, but when I > I the transient LIG whereas the lifetime of the inversion sites ranges from 63
signal peaks at short times at a value greater than the to 44 ms over the same temperature range. 11,12 Another
steady-state lAG signal and then decays to the steady- method of varying P is by changing the period of the
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grating or the angle between tile write beams. For these model the transient LIG signal as a function of tempera-

reasons it is possible to vary the saturation intensity, and ture, crossing angle, and laser power. The temperature

hence the parameter P which appears in the expressions dependence is a result of the temperature dependence of

for the absorption coefficient and coupling constants. the excited-state lifetime. The values obtained for a and

The transient LIG signal for the inversion-site ions An from these fits are 0.5±0. 1 X 10 - 20 cm 2 and

shows a transient peak which is dependent on several pa- 2.OX 10-23 cm 3, respectively. Using these values, the sat-

rameters. Figure 2 shows the normalized transient LIG uration intensity is 900 W/cm2 .

signal at 30 K for various powers of the write beams. This value for the absorption cross section for the in-
The data was normalized because it is very difficult to version site ions at 488 nm is consistent with the upper
determine the absolute scattering efficiency, and the limit of 1.0X 10 - 2 ° cm 2 obtained from absorption mea-
shape of the FWM transient is the only thing needed for surements. t t - 3 It is difficult to distinguish the
the theoretical fits. The solid line is the theoretical fit to inversion-site absorption contribution from the mirror-
the data using Eqs. (12) and (15)-(17) and treating o" and site absorption since the emission and absorption proper-
An as adjustable parameters. Figure 3 shows the transient ties of alexandrite are dominated by the mirror-site ions.9

FWM signal for several temperatures and write beam In order to compare the laser-induced change in the in-
crossing angles at constant write beam laser power, along dex of refraction obtained here with the results of other
with the theoretical fits. The theoretical fits accurately measurements,5 8 it is necessary to calculate the steady-

state value of An, denoted by An, and given by

A. nss----n S(I/I )/(l1+1/I, )] . (18)

(a) For I= 100 W/cm 2, An. equals 5.0X 10-6. This is an

0.8- .order of magnitude smaller than the value obtained from
I 714 W/cfli2  other measurements5 ' s of An,,, but all of the data are

S0.6 ---- consistent with the statement given earlier that the grat-
ings formed are dispersion gratings. It should be noted

S0.4- that the steady-state value of the theoretical signal inten-
sity is smaller than the experimental value at large excita-

012 tion intensities. This contributes to the discrepancy in
the values of An.

12 3 The same type of measurements were repeated for the
t /'' mirror-site ions. The 4T 2 level of the mirror site ions was

10 -pumped by an argon-ion pumped dye laser with Rhodam-
0- ine 6G as a dye. The results of the measurements are

0.8 similar to the low-power measurements for the inversion
", I- 281 W/cm 2  site ions. There is no transient peak formed, and tile sig-

06- nal increases monotonically to its steady state value.
.4 This can be understood, in contrast to the inversion site

0.4 results, as a result of two things. First, the laser output
from the ring dye laser was less than the maximuln power

02 output of the argon-ion laser at 488 nm by a factor of 3.
Second, the saturation intensity for the mirror-site ions is
greater than the saturation intensity of the inversion-site

t 2 3 ions. This is a result of the difference in lifetimes and ab-
1. sorption cross sections. The saturation intensity for the

mirror-site ions is estimated to be approximately 1200
(C) W/cm 2 at 12 K and increases with temperature due to

0.8 I'45 W/cm 2  the decrease in the lifetime with temperature. Therefore,

it is not surprising that no transient peak was observed in
" the mirror-state LIG signal.

504-
2 III. ENERGYTRANSFER

Laser-induced grating spectroscopy has bccn used to
Sicharacterize the properties of long-range energy liigra-
t 2 3 tion among Cr 3 ' ions in mirror and inversion sites ii

tl-t alexandrite.5' 8 The previous measurements were per-

FIG 2. Normalized transiett LIG signal for Cr2 ions in in- formed using either an argon-ion laser or argon-ion-
version sites as a function of time at 30 K for various write- pumped ring dye laser with Rhodamtnie 6G (lye for the
beam powers: (a) 714 W/cm 2, ib) 281 W/cm2 , 1c) 45 W/cm 2. pump beams. Both of these are resonant with the 'TI2 ab-
The dashed lines represent the data and solid lines represent the sorption band of the mirror or inversion-site tons. These
theoretical fits Using Eq. 112). LIG measurements were extended in the work described
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1FIt. 3. Nornalized iransicnl LIG signal for Cr 3 ' ions in inversion sites for several temperatures and write-beam crossing angles
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T = 30 K and 0=. 3*. The dashed lines represent the data and the solid lines represent the theoretical fits using Eq. (12).

here to the case of direct excitation into the 2A sublevel migration processes is given by 23

of tile 2E state of the mirror-site ions. The population
grating in tle 2 state was established by crossing two (t)=exp( -2t /r) [Jo(bt)exp( -at)

laser beams fron an argon-ion-pumped jet dye laser using +-
DCM dye tuned to 677.8 nm. In addition experiments + 0 duexp[-(t
were performed using crossed laser beams from both the 221/2 (2
argon-ion laser and argon-ion-pumped ring dye laser to ×J(b(-u)) (20)
simultaneously establish gratings in both mirror and in-
version site ions in order to determine the effects of the where 7- is the fluorescence lifetime, a is the exciton

dual gratings on the LIG signals. scattering rate, J0 is the Bessel function of order zero,

It was reported earl, r5 that the FWM signal decay ki- and b is given by

netics were nonexponential for excitation into the 4T 2  b=4Vsin[(2ira/X,)sin(0/2)], (21)
level of the mirror-site ions. The long-time portion of the
decay curves was found to approach the decay time ex- where V is the nearest-neighbor ion-ion interaction rate,
pected for an inversion-site grating and was attributed to a is the average distance between active ions, X is the ex-
ant inversion-site grating formed as a result of weak citation wavelength and 0 is the crossing angle between
inversion-site absorption. In the data presented below for
direct excitation of the 2E level of the mirror-site ions no be crtered bythese arametersin terms ofth
long-time tail is evident. be characterized by these parameters in terms of tile

i order tio use LIG spectroscopy to study energy mi- diffusion coefficient, the mean free path, the diffusion
in ordermog ue I insperscopyaton sdey raeer ma- length, the coherence parameter, and the number of sites

gration among Cr 3 + ions the grating decay rate is mea- visited between scttern ents gie b

sured as a function of the grating spacing.2 .22 The grat- scaering evens given y

ing spacing is related to the total crossing angle of the
write beams by D=2V2 a2 /a , (22)

A = k/[2sin(0/2)] , (19) L,, =V2Va/a , (23)

where 0 is the total crossing angle between the write Ld =(2D T)/2, (24)
beams and k is the write-beam wavelength. As the grat-
ing spacing decreases energy migration from the peak to =b/a (25)

the valley of the grating becomes more efficient in des- N, =L,. la (26)
troying the LIG. For the initial conditions relevant to
this e,4perimeyital case, the time dependence of the nor-
malized transient-grating signal in the presence of energy respectively.
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A. Results for 4T 2 excitation simultaneous formation of an inversion-site grating along
with the mirror site grating, the following experiment

For the grating formed by excitation into the 4T2 level was performed. A mirror site grating and an inversion
of the mirror-site ions the decay of the signal is nonex- site grating were formed simultaneously in the same re-
ponential. The initial part of the decay is consistent with gion in the sample by using two different sets of pump
the predicted decay of a mirror-site grating and the long- laser beams as described earlier. A single He-Ne beam
time part of the decay is consistent with the predicted de- was used to probe the dual grating. Because the fringe
cay of an inversion site grating. The angular dependence spacings of the two gratings are not exactly the same due
of the grating decay pattern shows that at large crossing to the different laser frequencies used to write the grat-
angles the long-time decay is very weak or no longer ings, it was necessary to keep the crossing angle between
present. This is shown in Fig. 4. the two sets of overlapping write beams very small so

The concentration of inversion-site Cr3 + ions in the that a single probe beam can approximately match the
sample is 2.5 X 1018 cm - 3. Assuming a uniformly ran- Bragg condition for both gratings simultaneously. The
dom distribution of ions, this implies an average separa- decay kinetics of the resulting dual grating were mea-
tion of 457 nm between inversion-site Cr 3 , ions. The an- sured by chopping both sets of pump beams and record-
gles used in the measurements ranged from 2* to approxi- ing the dual LIG signal. The results are shown in Fig. 5.
mately 28". This gives grating spacings ranging from 1.2 The decay pattern is similar to the small-angle decay pat-
to 16 pim. The spatial dependence of the grating is given tern for 4 T 2 pumping, shown in Fig. 4. This confirms
by that the long-time part of the decay for 4T 2 pumping is

n (x,0) = cos(kgx )± +) , (27) due to the presence of an inversion-site grating.

where k,=21r/A is the grating k vector, and ni(x,O) is B. Results for 'E excitation
the exciton concentration at t =0. The characteristic

avji,ii of a giatig peak is A. For a grating spacing of 16 The FWM signal decay kinetics of the mirror-site grat-
pum this implies a linear density of 35 inversion-site Cr 3+  ing formed by direct excitation of the 2E level were also

ions per grating peak. For a grating spacing of 1.2 pm found to be dependent on the grating spacing and tem-
the linear density of inversion-site Cr 3 + ions is 2.6 per perature. Several approaches 22 - 24 have been used to
grating peak. This clearly shows, under the above as- theoretically analyze the transient grating kinetics in the
sumptions, that the number of inversion-site ions per presence of energy transfer. Kenkre23'24 has treated the
peak of the grating decreases with increasing crossing an- case for the effects of partially coherent exciton migra-
gle (decreasing grating spacing), and as a result, the tion, with the initial conditions relevant to the experi-
inversion-site grating signal decreases in intensity with in- ments described here. His results are derived from the
creasing crossing angle. generalized master equations using the assumption that

In order to conclusively establish that the observed the initial density matrix for the system is diagonal. This
long-time part of the decay patterns is a result of the is the situation encountered in systems with localized ex-

citon states or systems containing complete randomness
between the phases of the exciton wave functions. The

1.0

Q= 0
0.1

0.1 e

0 .0 .1 7.

2 4 6 8 10 12
t (ms) _ __

2 6 10 14 18
FIG. 4- 'he LIG signal decay for excitation of the mirror- t (Ms)

sille Cr2 t ions into the I r 2 level at 30 K at two different write-
beam crossing angles. The dashed line is 0=3.5*; the solid line FIG. 5. Dual-grating decay kinetics at 30 K and a write
is 0= 23. beam crossing angle of 1.39*.
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TABLE I. Energy migration parameters at 25 K. Figure 6 also shows the temperature dependence of the
ion-ion interaction rate. For resonant energy migrationV (sec- 1) 1.22X 2.0a (sec1) 0.2x 10in the R I zero-phonon line originating on 2E, the ion-ion

a(sec'-) 0.2X 106

D (cn sec') 3.02 x 10-8 interaction rate is proportional to the spectral overlap in-

* L,, (cm) 3.88x 10- ' tegral of the R I absorption and emission transitions, and

Ld (cm) 1.18X to-, the intrinsic decay rate of the 2E level.2 5 This can be ex-

N, 8.63 pressed as

(0=5.) 3.7 x 10 - ' V=C 3 t/AV (29)

where Av is the FWHM of the zero-phonon line, and it
later case is exactly the situation encountered here. At was assumed that the zero-phonon lineshape was Gauss-
low temperatures the population of excited Cr 3+ ions is ian. The temperature dependencies of r- and Av have
predominantly in the E sublevel of the 2E state, whereas been measured for the R 1 mirror site zero-phonon line in
the excitation is into the 2A" sublevel. A correlation ex- alexandrite.'' The solid line in Fig. 6 is the best fit to the
ists between different Cr3 + sites in the 2A" sublevel im- measured ion-ion interaction rate using Eq. (29) and the
mediately after the pump photons are absorbed, since the measured values of r-I and Av.
excitation wavelength spans many Cr3 + sites. However, Using Eq. (22) the diffusion coefficient can be calculat-

- any dephasing mechanism, such as nonradiative process- ed from V and a in terms of a. The magnitude of the
es between the E and 2,- sublevels or phonon scattering diffusion coefficient determined by analyzing the results
processes, will result in a loss of this correlation between obtained using 4T2 excitation was calculated in a previ-
sites. Therefore, the theory of Kenkre2 3 is ideally suited ous paper 5 assuming completely incoherent migration.
to this system. The dephasing issue will be discussed Structural measurements have shown that the distribu-
later in this paper. tion of Cr 3 ions it- alexandrite is not uniform. 26 For this

* For 2E excitation there is no inversion-site contribution reason it is difficult to determine a value for the distance
to the LIG signal, and therefore the decay kinetics of the between Cr 3+ ions, a. The lower limit on a is 0.27 nm,
signal can unambiguously be analyzed in terms of energy which is the smallest distance between Cr 3 + ions in mir-
migration only among mirror site Cr 3+ ions. Equation ror sites. For a uniform distribution of Cr3 + ions the
(20) was used to fit the slightly nonexponential LIG decay value of a is 2.99 nm. Assuming a dipole-dipole interac-
kinetics treating b and a as adjustable parameters. The tion between Cr 3 + ions and using the calculated ion-ion
LIG decay kinetics at each temperature and several interaction rate listed in Table I, the value of a is estimat-
different grating spacings were used to characterize the ed to be approximately 0.45 nm, which is intermediate
exciton migration at that specific temperature. The per- between the nearest-neighbor and uniform distribution
tinent parameters are listed in Table I. limits. Using the value of 0.45 nm for a, the magnitudes

Figure 6 shows the temperature dependence obtained of D, L,,, and Ld, listed in Table I, are obtained.
for the scattering rate a. The solid line is the best fit to It was reported previously 5 that the temperature
the data using the expression dependence of D is T - 'I' for T< 150 K. The tempera-

ture dependence of a is T0 75, and V decreases slightly
a=C1 T

2  (28) with temperature up to 180 K (primarily due to a slight

with C, =0.02X 10" sec-1 and C2 =0.75±0.08. increase in Av in this temperature range). Using Eq. (22)
and these results gives a temperature dependence of ap-
proxin.ately T - 1/ 2 for D, in agreement with the results

3.0 1.5 obtained with 4T2 excitation. This is shown in Fig. 7.
A The scattering rate depends on temperature differently
0for different mechanisms which limit the exciton mean

4) free path. 27 The exciton scattering mechanism can be
- D due to scattering by defects, optic phonons, or acoustic

0 -f phonons. All of these processes have different tempera-
0- Ature dependences in different limits. Scattering of exci-

1,1 Q0.5 tons by acoustic phonons is the dominant scattering
AAAg A mechanism at low temperatures. The most general form

A' " of this type of scattering is predicted 27 to have a T 312

temperature dependence. The smaller temperature
60 '" 180' ' 300 dependence observed here may be a result of the longer-

T (K1 wavelength phonons not being as effective in scattering
localized excitons as the shorter wavelength phonons and

FIG 6. The temperature dependence obtained for the the difference in the electron-phonon coupling strengths

scattering rate and the ion-ion interaction rate for direct excita- for the different phonons. Long-wavelength phonons

tlion of the IF level of the Cr3 ' ions in mirror sites. The solid which modulate several neighboring lattice sites together

line is ihe theoretical fit to the ion-ion interaction rate using Eq. are less effective in scattering excitons localized on a sin-

(28), and (he dashed line is the theoretical fit to the scattering gle lattice site than phonons which modulate neighboring

rate using Eq. 129). sites differently.'
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3 A trix were not diagonal, as assumed here, there would be
no difference in the transient grating decay kinetics. The
LIG signal in this system is insensitive to the initial con-

N ditions of the density matrix.

1IV. DEPHASING MEASUREMENTS

1.. In a previous paper5 it was shown that measurements
of the FWM signal intensity as a function of the crossing
angle between the write beams can be used to determine
the dephasing time of the atomic system with respect to

0.05 0.10 015 0.20 the laser beams. The model used to analyze the data was

1/T" IK1/21 the model discussed in Sec. II describing the interaction
between crossed laser beams and a two-level atomic sys-

FIG. 7. Temperature dependence of the exciton diffusion tern. The electric fields of the four laser beams interact
coefficient for Cr3  ions in the mirror sites in alexandrite ob- with each other via the nonlinear polarization induced in
tained from values of V and a. The solid line shows a T - " 2  the two-level system. Solving the wave equation for this
dependence. situation leads to a set of coupled differential equations

for the complex amplitudes of the fields. Using this ap-
proach it was found that the normalized FWM scattering

The results of the measurements of the properties of efficiency could accurately be modeled by solving these

the exciton migration in alexandrite reported here are the equations numerically, treating the real and imaginary

essential characteristics needed to understand the issue of components of the coupling parameters, D', D', D", and

coherence in exciton migration. The term coherence in D2, as adjustable parameters. The values of the coupling
this case describes the situation in which the exciton parameters obtained by these computer fits to the data

behaves like a quasiparticle with a certain momentum. yielded information on the laser-induced modulation of

This quasiparticle will move over several lattice spacings, the real and imaginary parts of the refractive index

maintaining phase memory, before a scattering event through the relationships

occurs. The phase memory of the exciton does not de- Aa,== -2aD /D , (30)
pend upon the rest of the ensemble of excitons. Transient

grating measurements have three different characteristic An, -== (ac/o)D /D' . (31)
distances. These are the lattice constant a, the mean freepathLmandthe ratng pacig A Th traspot pop- From these quantities the dephasing time of the atomicpath L,,,, and the grating spacing A. The transport prop- sy t m T ca be al u t d uin
erties of the exciton are discernible using the LIG tech- system, T2, can be calculated using
nique only if the diffusion length is comparable to half of T2 =(2o/c )(An, /Aa1,)(Co t21)- (32)
the grating spacing, and therefore Ld and A are on the
same length scale. If Lm is less than or equal to a then where a is the absorption coefficient at the write-beam
the exciton motion is completely incoherent and a wavelength, c is the speed of light, o is the circular fre-
scattering event occurs on every "hop" of the exciton to quency of the write beams, and 0)21 is the resonant fre-
another site, leading to a complete loss of phase memory. quency of the atomic transition.
If a <L,, <<A/2 then the exciton motion is coherent There are several mechanisms that could be responsi-
over a few lattice spacings, but is incoherent on the scale ble for the dephasing of the system. The measured de-
of the experiment. N, is a measure of the degree of phasing time is related to population relaxation T, and

coherence on this length scale. If L, =A/2 then the ex- phase disrupting processes among the ions of the ensem-

citon motion is coherent over many lattice spacings and ble, TPD, by the relation30

on a distance scale which is directly discernible from the r-1 -1 +( T D )-1 (33)
transient grating signal shapes. g is a measure of the de- 2 1

gree of coherence on this length scale. Table I shows that Population relaxation processes contribute to the total
the mirror-site Cr 3+ ions in alexandrite have energy dephasing rate since they are incoherent spontaneous
transport characteristics consistent with the second type processes. TPD can be separated into two parts:
of coherence mentioned above (a <L,, <<A/2). The ex-
citon motion is coherent over a few lattice spacings, but (T2 ) -' = ( T )- '+ ( T2 ) (34)
is incoherent on the distance scale of the grating, and is where T2 is the inhomogeneous dephasing time and T2 is
thus termed quasicoherent. the homogeneous dephasing tine, These dephasing times

The coherence parameter is an important quantity in are related to their respective contribution to the total
verifying the assumption mentioned earlier regarding the linewidth through the relations
initial conditions of the experiment. Kenkre29 has shown
that for greater than 2.0 significant differences in the T2- -(Trc Av*) -  (35)
transient grating decay kinetics are possible depending on and
the initial state of the density matrix. Table I shows that
f is 3.7X 10- 3. Therefore even if the initial density ma- T2 =(rrc Av')- (36)
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T2 represents the time for the loss of phase coherence be- TABLE II. Dephasing parameters.
tween the ions of the ensemble due to small mismatches
in the transition energies of the ions. T 2 represents the T (K) 50

time for the loss of coherence between the ions of the en- D, 0.25
semble due to phonon scattering processes. 22  D, 0.65

D'2 0.35
A. Results for 2E excitation D, 0.0015

Figure 8 shows the angular dependence of the normal- 6.68x 106
LAa (era-') 4.00x 10-3

ized FWM scattering efficiency for excitation of the 2A T, ps .3

sublevel of the 2E state at 50 K. The solid line in the

*! figure is the computer fit to the data using the procedure
discussed above. The parameters calculated from this fit
using Eqs. (30)-(32) are listed in Table II. inhomogeneous linewidth, which is approximately 2

For this excitation the total population relaxation is cm-. 11 Therefore T2' is less than T2, and the dephasing
the sum of two processes: rate is dominated by the inhomogeneous dephasing. Us-

ing Eq. (41) and the measured inhomogeneous linewidth,
T1j =T1'(2"i-E)+T1'(2 E-4 A 2 ) (37) the inhomogeneous dephasing time is found to be 52 ps.

This is in good agreement with the measured result; thus
where T-'(2A-E) is the nonradiative decay rate from the dephasing mechanism in this case is attributed to de-
the upper crystal field sublevel of the 2E state to the lower phasing associated with the inhomogeneous linewidth
sublevel, and TF1( 2E-4 A 2 ) is the total decay rate from and not population relaxation.

the 2A and E sublevels of 2E to the ground state, 4 A2 .

TI(2 E-4 A 2) is measured'" to be 2.3 ms at 50 K, and B. Results for 4T2 excitation
therefore this term in Eq. (37) can be neglected since it is
much smaller than the measured dephasing rate of 55 ps. For excitation into the 4 T2 level, T 2 was found previ-
The nonradiative decay time from 2A to E, TI(2A-E), ously 5 to be 80 and 2.2 ps for the inversion sites and mir-
has been measured by Meltzer et al.31 at 1.5 K to be 400 ror sites, respectively and the dephasing time was attri-
ps. This decay time will decrease as temperature is buted to the nonradiative decay from the 4T 2 level to the
raised, and can be extrapolated to its value at 50 K using 2E metastable level. These measurements have been ex-
the relation tended to temperatures ranging from 30 to 300 K and

several different excitation wavelengths. The dephasing
T1-'(50 K)=T '(0 K)(f+ I) (38) time was found to be constant over this temperature

where n is the phonon occupation number given by range, while the frequency dependence of the dephasing
time was found to vary approximately as co on the high-

f=fexp( E/k 8 T)- 1- , (39) energy side of the transition peak.
S inThe dynamics of nonradiative decay processes are im-

Sis Boltzmann's constant and AE is the phonon energy. portant in gaining a full understanding of dephasing and
This gives a value of 260 ps for T1(2A-E) at 50 K. This the role that phonons play in the dephasing process. In
is a factor of 5 slower than the dephasing time measured this section a model is presented to describe the second
here. At 50 K the homogeneous linewidth is less than the type of dephasing, and it is related to the dephasing re-

sults obtained for 4T2 excitation of the mirror-site ions.
* Figure 9 shows the model used to analyze the dynamics

of the mirror-site Cr 3+ ions. The 2E curve actually

T=50 K represents four potential energy curves, and the 4T 2
0.8 curve represents twelve potential energy curves. 2 This is

a result of the splittings of the sublevels of each state.
:0 The 2T, level has been omitted since it does not play a

significant role in the nonradiative decay processes. 31 - 5|. O ptical absorption occurs from the ground state, 'A 2, to
0.4- an excited vibrational level of th e 4 T2 level, represented

C"" by the vertical line in the figure. The ion is excited into

0.2 an excited vibrational level of the 4T 2 state. Following
absorption, the ion relaxes very quickly to the metastable
2E level. This process can occur in two ways. The first

4 8 12 16 mechanism is one in which the ion remains in the 'T 2 lev-

0 (deg ) el and emits phonons, termed internal conversion (IC),
FIG. 8. Normalized FWM scattering efficiency vs the write- until its energy coincides with the crossing of the two

beam crossing angle at 50 K for Cr ions in the mirror sites excited-state adiabatic potential-energy curves, the 2E
d(rectly c cled in the 2 A sublevel of the 2E slate. The solid line and 4T 2 levels. At this energy, the relaxation process

is ?he comp|,tcr-gencrated it obtained for a two-level atomic crosses over to the 2 E level, called intersystem crossing
system model for FWNI (Rcfs. 5 and 15). (ISC), and the ion continLues to emit phonons tit il the
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Or FIG. 10. Coupling scheme for the different energy levels of a

q (arb. units) Cr3 + ion in an octahedral environment.

FIG. 9. Model used to analyze the dynamics of the nonradia-
tive decay from the 'T2 level to the 2E level. The solid vertical tional level of the 4T 2 electronic state. Tile interactions
line represents optical absorption. shown in Fig. 10 admix this state with various interniedi-0

ate states. From these admixed states relaxation cant
occur to the vibrational level of the 4T2 state lying just
below the initially excited level or to an excited vibration-

bottom of the 2al level of the 2E state which is at or below the energy of
is represented by the path A -B-C in Fig. 9. The second the initial level. The amount of admixture between states
mechanism differs from the first in the point at which the which causes the radiationless relaxation processes de-0
ISC process occurs. In this mechanism the ISC process creases as the vibrational quantum number of the initial
occurs on the very first step of the relaxation and is fol- state of the 4T2 electronic state decreases.3' The first step
lowed by the emission of phonons until the bottom of the of the relaxation process is very important in determining
2E potential energy curve is reached. The relaxation the relaxation pathway because the amount of admixture

predominantly occurs in the 2E electronic state, and is between states which results in a specific relaxation path-

represented by the A -B'-C path in Fig. 9. These two

mechanisms will be designated as IC and ISC, respective- way decreases after each step in the nonradiative decayo
ly, corresponding to the first steps in the relaxation mech- process. Therefore, once the first step occurs, the path-
anism, way is determined until points are reached where there is

Nonradiative decay processes occur between nonsta- a significant change in the admixture between states, such

tionary states of the system.3 2 The initial state of the sys- as at the potential-energy curve crossing points.

tem, as well as the others, is not a pure 4T 2 electronic Tle nonradiative decay rate is given by the golden

state. 35 It is actually a mixed state of several electronic vi- rule:
brational states including the 4T 2 and 2E electronic- K,,=(2rr/A) A('F&,IH'll . I[EI), (40)
vibrational states. This is a result of the electron-phonon
coupling, the spin-orbit interaction, and the anharmonic where e denotes the electronic part and v denotes the vi-
potential energy of the excited states of the Cr 3 + ions. brational part of the wave function q', primes denote tile
The various electronic states admixed by these interac- initial state of the system, All is the perturbation con-
tions are shown in Fig. 10. Englman et al.i 6 have shown necting tile two levels, and p(EJ) is the density of final
in the harmonic approximation that the amount of ad- states. The admixture between states is accouited for in
mixture between tile 2E and 4T, states, which form the the terms retained in Al, where
initial vibronic eigenstate of the system, can increase AH= V'q +H, . (41)
significantly as the vibrational quantum number of the
upper state increases. Including anharmonic effects can Here q is the configuration coordinate representing the
increase the amount of admixture between states even symmetry adapted normal mode of the system, V' is theo
more. electron-phonon coupling term, and i is the spin-

In the model used here to analyze the nonradiative de- orbit interaction. Phonons of different symmetry are ac-
cay pathways from the 4 "2 state to the 2E state, only tive in coupling tile different levels shown in Fig. 10.
single-phonon processes are considered. The initial level These phonon symmetries are given in parentheses after
of the system after optical excitation is an excited vibra- the V'. The first step in ilie IC mechanism is lie transi-

0
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tion from i(4 T2 ,v') to qV(4 T2,v) where v'>v. First- express the matrix elements in this mechanism.
order perturbation theory is not sufficient to cause this Assuming that the states involved in the transition are
transition, and it will be necessary to use second-order Born-Oppenheimer states,
perturbation theory to describe this mechanism. The first
step in the ISC mechanism is the transition from P,,(r,q)= 'e(r,q)X (q) (42)
'q'(rT2 ,V') to pl( 2E, ). The only operator which can con-
nect these states is the spin-orbit coupling operator, the nonradiative decay rate for each mechanism can be
Second-order perturbation theory must also be used to written as

* Knr(lSC)=: ~ 0 ~~,r~ '((4 T,y,M1 ) I o( r,r,M, )

a

FY M(~ y",M (TyA 3 )I I (r'r"M

" (o(r,viM,)n I H 10(2E,",M;')) (X(4rT2,V) qp I X(FE,r,)
[ (X(4T 1,vIX(,r 0)

T a

2

x (X rF,r) X( 2E,v. ))/[W(4T2)-.w(r)]+c.c. p(E 1)

andr

+ 2 r _ (0( 4T2,m;) I .o. I (r" ,,m;)
p r, r', mt, r r . ,,

x (0r'. .m I ' qS( 2E,r",M,')) (x(r'.,)1 I X(2E,u))
Sl- (X( 4T 2 ,vI) X (r,r,))

a

x((rF,ro) X(2E,v/[w (2E) -wlm+cc. c pEr) 43)

1 and

K,,,(IC) =--- _?_Y- (0(4 T ,y,M*) I vo(F,yM,))

Sr,rMr r",M'

(o(,,y,M,) 1 H,.,° I 0(4-r .... 2,.y, ,M'11 (X(4 T2, v;) Iqp ]xfF, rp))
x I (X(4 T2, )I x(r,r,))

_L~ r x (X ( ,r ) IX (2 E , v, )) /W (4 T 2 )- W ( )+ c . c. p (E f )

+ , (0(4T, Ir -MA,*) I v' 10(r',r',M')>
p r',r M , r y", M,"

x (o(r r ... .., ) I V', (4 T2.r Y , M ," ))(X (4 T 2 1 U) Iq
p  X (r', r,))

Xr X(4 T2,V,,) I X(r,r,,))

(x(Fr,r.) IX('E,v,)) /[ W(4 T2)- (r)]+c.c. p(E[) ( 44)

where y represents the crystal-field component of the r sion for Knr(IC) is due to the properties of the overlap in-
intermediate state, and W is the energy of the state. The tegrals of the vibrational wave functions. The vibrational
vibrational part of the wave function has been separated wave functions for each particular excited state are or-
into promoting and accepting modes, X(e,vp) and thogonal, and therefore the vibrational overlap integral,
X(e, va), respectively. These modes are assumed to be commonly called the Franck-Condon factor, vanishes for

distinct, which is a good aproximation for high- a transition from one vibrational level to a different vibra-

symmetry crystal-field sites. Promoting modes tional level of the same electronic state. Equations (43)

represent phonons that mix the initial and final electronic and (44) avoid the "Condon" approximation, which tends
states, and accepting modes represent phonons that ab- to underestimate transition rates by as much as several

sorb the difference in electronic energy. The reason for orders of magnitude. 33 37 These expressions are summed
invoking admixture of intermediate states in the expres- over v and p to include all single-phonon transitions from
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v' to all other possible vibrational levels. There is no peaks seen in experiments have been done for the actual
summation over v' because the system is initially in a symmetry class of the mirror-site ions in alexandrite. 38

specific vibrational level. These can be correlated with the symmetries of the

The summations in Eqs. (43) and (44) are restricted by Raman-active modes in Oh point-group symmetry.3 9 o.

symmetry. Figure 10 shows that for Knr(ISC) and an ion symmetry is a good approximation to the actual site sym-

in an octahedral environment F must belong to the set of metry, and tis simplification makes the calculations much
states [4T 2 ,4 A 2,4TI and the corresponding V' must be- easier. These measurements and this correlation show
long to the sets of vibrational symmetries that the 240-cm- 1 phonons have T 2g symmetry. Thus, as
[[Ag,E 8 ,Tig,TgIITg,[A 2g,Eg,Tig,,T2gl. On the a further simplification, it will be assumed that these
other hand F' must belong to the set of states 240-cm - ' phonons of T2g symmetry are the only pho-

12T,, 2 E,2 T 2 1 and this requires that V' must belong to nons active in the nonradiative relaxation process. This
the sets of vibrational symmetries [[Tig,T2g], eliminates many of the terms that would have appeared

IAigA2,,Eg,[Tig,T2g1 . For Kn(IC) r and F' must in Eqs. (43) and (44). The sum over promoting modes

belong to the set of states 14T1,4A I and the correspond- and the product over accepting modes are removed, leav-

ing V' must belong to the set of vibrational symmetries ing just one term each.

II.42,,Eg,Tig,T2g,1 Tig J). The electronic matrix elements can be reduced to

Measurements of the Raman spectra, low-temperature single-electron matrix elements which can then be evalu-

absorption spectra, and Stokes excitation spectra
12 show ated by using d-electron wave functions.

40- 42 The matrix

that phonons of about 240 cm - are important to the dy- elements are summed over the final states and the matrix

namics of the nonradiative relaxation processes from the elements squared are then averaged over the initial elec-

'r2g to 2Eg level. In octahedral symmetry there are three tronic states. The matrix elements can be expressed using

different species of Raman-active active modes: A 1g, Eg, the Wigner-Eckart theorem as 4l

and T,,. Symmetry assignments of the different Raman

(t, )(e')SrFMY I V (P) I (t" )(e')s'rM'y>

=6(S,S')6(M,M'f)(r) - /2(F IF'y'Fy ) ( (t'g )(e ')SFII V( F)1(t1N )(e'"')S'' F) (45)

where r is the dimension of the F representation, 6(S,S') Nonradiative decay rates in a diatomic molecule can be
is the Kronecker delta, ( Fy I F'y'Fy ) is the Clebsch- affected to a large extent by anharmonic effects." This

Gordan coeificient, and should also be true in solids.44 The exact form of the
(0 JV(F)J" )(e )S'F') anharmonic potential energy surface for an ion in a solid 0

g 2h is not known, but the potential can be approximated by

is the multielectron reduced matrix element. This using the well-known Morse potential. This is given by 45

reduced matrix element can be reexpressed in terms
of the single-electron reduced matrix elements, U(q)=D,) I I-exp[ -a"(q -q) ]I 2 , (47)

( t,gi V(F)1t 2g ), (eg lV(F)lle, ), and (t 2gIIV()F)Ieg ), by where q is the configuration coordinate, q0 is the equilib-
using the d wave functions for each representation. rium position, a" is the anharmonicity constant, and D o

These wave functions are denoted T 2g(4,77), is the dissociation energy. The normalized vibrational

Tg(a,0,y), Eg(u, v), A~g(e 2 ,•and A (el)." wave functions for this type of potential are" -411

The spin-orbit matrix elements are more complicated.

The spin-orbit term in the Hamiltonian can be expressed .,, =[(a"b,)(v!/F(K -v)]'' 2

as4 

Y

t02 bo

io =( l/V' -_V, (,lT,)+iV,0 ( IT, )j Yexp( -z/2)(zb )L, b(z) , (48)

+( I I/5-[ V_2 ( I T,)+iV,,(IT)] where

+V 0 r(IT) , (46) z =k exp( -a"(q -qo)] , (49)

where V,,( IT,) transforms as the a wave function of the

T, representation with spin quantum number + 1. Us- K=v,/1vx,=4D0 /v , (50) 0
ing the Wigner-Eckart theorem, the matrix elements of b(=K-2v- I (51)

the spin-orbit interaction can be expressed in terms of the
multielectron reduced matrix elements. These multielect-
ron reduced matrix elements can also be expressed in Lb,(z) is the associated Laguerre polynomial, and F is
terms of the single-electron reduced matrix element the a ssc t ed Th e on anerg is

( 2 1 V( IT, )Ile) and the results have been tabulated by the gamma function. The vibrational energy is given by 45

Tanabe et al.4 1 Table Ill gives the average of the matrix
elements squared in terms of the single-electron reduced E, (v + I% X, ( -) + )2 (52)
matrix elements after summing over the different com-
ponents of the intermediate representations. This type of potential can be used to model lie ground
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TABLE 111. Squared matrix elements; X= (:1,,IIV't2g )II'g 1, Z=(eIjjV( It, )IIz, ),

Kn,, (ISC)

M'. 7_ I (0fAT 2y*M,)I V'(T2 1 1I0( 4 T 2 y,9

X (0,( 4 T2Y1,) H 0 ('Ey"M17))

43/2 0
1/2 (1/486)(XZ)'

-1/2 (1/486)(XZ)2

-3/2 0

713/2 (1/2592)(1 + V3)2(XZ)2

1/2 (1/3888)(14 + 5V'3i)(XZ)2
- 1/2 (1/1296)(2-V3; XZ)'
-3/2 (1/2592)(1 + V3)2(XZ)2

3/2 (1/2592)(1 + V3) 2(XZ)2

1/2 (1/7776)(1 + V3)2 (XZ)2

- 1/2 (1/7776)(1 + V3'X)

-3/2 (1,'-592)(1 + V3'2 (XZ)

Average= (1/2916)(4 + V3M(XZ) 2

Y* (0peri,-y,AI,*)I V'(T2,)I10( 4 Ti,y,A1,))

X (0( 4 T,,y, M,) H, 0  2 EI "M,)

41/2 (11384)(XZ)2

1/2 (1/3456)(XZ)2

-1/2 (1/3456)(XZ)2

-3/2 (113941(XZI2

3/2 (1.576)(2-V3)(XZ) 2

1/2 (1/1728)(2 + V3)(XZI 2

- 1/2 (1/576)(2 + V3)(XZ) 2

-3/2 (1/576)(2 + V3)(XZ) 2

3/2 U1/ I152)(XZ)2

1/2 (1/3456)(7 + 4v'I3(XZ)2
- 1/2 (1/3456)(7 + 4V3)(XZ)
-3/2 (1/ 1152)(XZ)2

Average= (1/2592)(5 + v/'il(XZ)2

y M'.~~~~~ (0( 4T 2 ,y,M,) IH,,, 0  2 ,yM)

Vanishes for all yM

Y* 0*~('(T 2 y',M,*)IH,.. I 0('T 2 Y', M))

xO(2T2 Y',M,') IV'(T 21 ) I (2E,y",M,1))

43/2 0

(1/324)(2 + V3)(XZ)2

- 1/2 (1/324)(2 + V1(XZ12

-3/2 0

3/2 (1/216)(XZ)2

1/2 (1 /2 16)(XZ )2

- 1/2 (11648)(7-4V3)(XZ)2

-3/2 (1 /216)(XZ)2
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TABLE III. (Continued).

K,,, (1C0
3/2 (1/432)(2 + V'3)XXZ) 2

1/2 (1/1296)(2 + V-3)(XZ )2

- 1/2 (1/1296)(2 + VXZ)

-3/2 (1/432)(2 + VVI(XZ) 2

Average= (1/19 44)(8 + V'3)(XZ, 2

K r (110

1 1 (0(4 T,y ,VM, I V'(T,,) 1 I j", l

X (0(4 T,'y,A,) H,. 10( 4 T,,r"Ay"Y

3/2 (1/384)(XZ)2

1/2 (1/3456)(XZ)'

- 1/2 (1/3456)(XZ)2

-3/2 (1/384)(XZ) 2

713/2 (1/576)(2-V3)(XZ) 
2

1/2 (1/1728)(2 +V3)(XZ)2

- 1/2 (1/576)(2 + V3)(XYZ)2

-3/2 (1/576)(2 + V3)(XZ )2

3/2 Ul/ I52(XZ )2

[. /2 (1/3456)(7 + 4V'3)(XZ) 2

- 1/2 (1/3456)(7 + 4V3)(XZ) 2

-3/2 (1/1 152)(XZ)2

Average= (1/2592)(5 + V3)(XZ)2

Y * m j. (0( 4 T2 ,yM) I V(2)1( , 'M)

X (0(4 T,,A; V'(T 2,) 0 (4T,",t

Vanishes for all y L,

and excited states of. Cr3 + ions in alexandrite. Figure I I
shows an approximate Morse potential energy curve for
the 'T, and 2E excited stales. These curves were calcu-
lated using the absorption and fiiorescence spectra, posi-

tions of the zero-phonon lines, and an effective phonon 2. 7--,

energy of 240 cm -' The energy difference between the
bottom of the 4 T 2 and 2E potential energy curves is 800
cm -1. The energy levels of the vibrational levels in each _4

excited state calculated by usiing Eq. (52) are shown in the E

figure. Equations (48)-(51) were used to calculate the vi-

brational wave functions for each vibrational level in 4
both electronic states. Thepse are also shown in the figure. T

The vibrational parts of the tnatrix elements in Eqs. i

(43) and (44) given by -- -- ---

(X(4'Tv') X X(2Ev))I (53)

and0

1 (V(4 T2'') qp I V( 2 EW 2 (54)2E

etc., can he calculated by using the Morse potential wave0

fnctons.' 3.74)-5 The first type of matrix element is 01.26
the Franck-Condon factor tFCF). The FCF cannot be q (arb. units)
calculated analytically; therefore, both types of matrix FIG. 11. Morse potentials representing the 'T?, arnd 2E levels

elements in ELIs. 153) and 154) were calculated numerical- of Cr' ions in mirror sites in alexandrite. T~ie horuiOntal lines

ly 4represent thle vibrational energy levels for 240-cina plioinns,

The peak in the T, absorption is into the fourth vibra- and the osciltaiuing lines represent fihe wave Cuncliuous for each

Sioal level of the 'TF, state. Figure 12 shows the calcu- vibrational energy levcl.
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ments between states.
1& r Equations (43) and (44) can be evaluated by using the

0 results in Table III, the vibrational matrix elements, and

-1 7spectroscopic data giving the energies of the levels. The
10 * * 0 reduced matrix elements can be eliminated from the

0equations by taking the ratio of Kr(ISC) to Kr(IC).
This avoids the problems associated with using approxi-

.- 2 mate electronic wave functions to evaluate the single-
1 * 0electron reduced matrix elements which can severely

Caffect the results.32 Taking the ratio given the relative
o probability of the two processes. The vibrational matrix
. 1 3 elements between a specific vibrational level of an elec-

tronic state and another vibrational level of the inter-

mediate electronic state were chosen so that the ion
LL 1 4- would end up in a level of lower total energy and the cal-

culated rate would have its maximum value. The density

of states for the ISC transition was taken from the vibra-
tional level spacing of the 2E Morse potential curve at the

12 level at which the first step in the nonradiative decay pro-

V cess ends. The density of states for the IC transition was
taken from the vibrational level spacing of the 4T 2 Morse

FIG. 12. Franck-Condon factors for a transition from the potential curve at the vibrational level just below the
fourth vibrational level of the 4'T2 state to various vibrational point of optical absorption. This is a result of limiting
levels of the 2E state designated by vibrational quantum number each step in the nonradiative decay mechanism to single

phonon processes. There is an additional factor of -±1

that accounts for the difference in the degeneracies in the

lated FCF from this level to each of the vibrational levels ratio of the density of tii.al stites. The result of this cal-

of the 2E state. The oscillations are a result of the alter- culation gives

nation in sign of the wave functions. The transition from K,,(ISC)
the fourth vibrational leve) of the 4T 2 state to the vibra- 13 . (55)
tional level of the 2E state next lowest in energy (4---8) K,,(IC)

has a FCF of apiproximately 0.14. This FCF is larger The model for nonradiative decay presented here is
than the corrcsponiding FCF in the harmonic approxima- different from other models in several respects. The pro-
It o, because of the shape of the wave functions and the inoting mode interaction is not assumed to be effective
iclatisc positions of the Morse potential-energy curves only at or near the point where the 4T 2 and 2E potential
lbr Ilrgc values of q. The potential-energy curves are energy curves cross.32,55- " This is one of the reasons
very close to one aiother in this region, and the wave that the ISC mechanism can compete with the standard
funclions all have a large positive lobe on this side of the Dexter, Klick, and Russell 56 IC mechanism. The effects
.Miorse curve. These features are shown in Fig. I. of anharmonicities, which are difficult to treat in a solid
Tlhe,eftre, the overlap between vibrational wave lune- and have therefore usually been ignored in previous treat-
tions is predoniiatitly due to the overlap of these posi- ments, are included in the estimates of the FCF's and the
live lobes. The shapes of the wave functions are also in- vibrational matrix elements determined here. The har-
dicative of the anharnionicity of the potential-energy monic approximation would lead to FCF's that are much
cn, cs. The as inemetry of the wave functions is smaller than those obtained here, and this has justified, in
significant even [Or the second or third vibrational levels. the past, the neglect of the [SC channel for ionradiative
For this reason it is very important to t:ike these aihar- decay mechatnisin proposed here. The reason the ECF's
iuuiuC ell'Ces triCCOiuTit. are larger when anharmonic effects ;ire included is due to

[lie vibratin nia wave functitns in a Morse potential the shape of the wave functions and the shape of the
are ortlhoornial. As mentioned previously, this is the Morse potential-energy curves. The Morse curves shown
reason for resortitng to secoiid-order perturbation theory in Fig. 9 actually have two crossing points, and the
in calculating K,,, IC). lie FCF's hetweei, the same vi- curves remain close together in the region between these
brational sublevels of different electronic states having points. This keeps the vibrational overlap integrals from
the same electronic conliguration can le set equal to I decreasing to the value that would be obtained in the har-
since these potentials are essentially identical. All ither iionic approximation. In tile harmonic approximation
I-C1's between these levels are small because of ortlhonor- the potential-energy curves cross in only one point, and
niality [lie 'E 2,',, and 2 states (rigiflate frorn thetI the curves get faither apart as the vibrational quaiintutm
electrontc coliguration, whereas the 4"2 ailt states nuiiiber increases above the crossing point.
origi le from the t 4' electronic coligurat ion. The vi- Figure 13 shows tile dephiasing time calculated fromn
bratnilnai matrix element in Eq. 541 was also calculated the F\VI~ data for Cr' ' ions i several different crystal-
ii uinerically. The sarme types of assumpttons meniioied field environmenis, alesandrite mirror and inversion siles,
abo,.c ,cre used in cAlctilanng he various matrix ele- emerald, and ruby. lie dephasing tife is shown as a
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function of the energy difference between the peak of the transitions for the mirror site Cr 3 ' ions is 1900 cm - 1 .

4T 2 absorption and the 2E absorption. This energy Measurements of the vibronic, Raman, and anti-Stokes
difference is essentially the energy that must be emitted in excitation spectra 12 have shown that the phonons of'
the nonradiative decay process outlined above. The de- lowest energy for which the electron-phonon coupling is
phasing mecha,;ism is a result of population relaxation significant are 240-cm - t phonons. 40-cm - ' phonons
from the 'T 2 level. The dependence of the dephasing rate play an important role in the dynamics of the 2E state, 31

on the energy difference shown in Fig. 13 strongly sup- but should not be as important in the 4T2-2E nonradiative
ports the conclusion reached above that the dominant decay. This leads to a multiphonon emission rate at 300
nonradiative decay channel is the ISC channel. If the K that is only slightly higher than the multiphonon emis-
nonradiative decay process does not involve the ISC de- sion rate at 30 K. This agrees with the experimental ob-
cay channel, then the dephasing rate would not depend servations within the experimental error.
on the crystal field strength of the host crystal, and there-
fore would be independent of the energy difference be- C. FWN1 signal intensity
tween (lhe 4T, and 2E absorption transitions. If the ISC The intensity of the FWM signal for excitation into the
channel of nonradiative decay is the dominant relaxation 2E and 4 T, levels was measured under identical condi-
pathway, then the well-known exponential dependence of
the decay rate on the energy gap should be observed. 35 38  tions: temperature (50 K), grating spacing, power, and

This is observed in the data, confirming the results of the polarization. The measured value of the signal intensity

theoretical calculation for the relative branching ratio of was adjusted to account for the difference in the absorp-
the two relaxation pathways. The dominant decay chan- tion coefficient at the two excitation wavelengths. The
nel in other host crystals with smaller crystal field results show that the FWM signal formed after direct ex-strengths and therefore a smaller energy difference be citation into the 2E state is 43 times more intense thanstrength and therefor fome smalle excirgyo dintnc be- T
tween 4 T, and 2E absorption transitions may be different. the FWM signal formed after excitation into the T2
An increase in the probability of the IC decay channel state. In both cases the grating inducing the scattering iswould decrease the ratio in Eq. (55) leading to the in- a population grating of Cr 3+ ions in the 2E level. There

dependence of T 2 on the energy difference between the are two possible reasons for this. First, it has been shown
4 T2 and 2E absorption transitions. here than an inversion site grating is formed after excita-

The mechanism for dephasing in this case is consistent tion into the 4 T 2 band but not after excitation into the 2E

with a population relaxation process, namely the 4 T 2-
2E zero-phonon lines of the mirror-site ions. This can pro-

nonradiative decay. The temperature dependence of the vide a loss mechanism which decreases the FWM signal
dephasing rate should be the same as that of the multi- intensity. Second, the difference in dephasing times, 2.2

photon emission rate. The temperature dependence of and 55 ps, for the "T2 and 2E excitations, respectively,
the multiphoton emission rate is may be the reason for this difference. The dephasing time

is related to the laser-induced changes in the optical
R -(if + I P' ,(56) properties of the material 15 which are responsible for the

FWM process, and therefore can indirectly affect thewhere p' is the number of phonons emitt2d. The energy FWM scattering efficiency as shown in Eq. (12). Since
difference between the peak in the 4T2 and 2E absorption the first process has been shown to be very weak, the

second process should be the dominant cause for the

100 , difference in the scattering efficiency at the two excitation
wavelengths.

50 V. DISCUSSION AND CONCLUSIONS

In this paper LIG techniques have been used to extend
Cthe previously reported energy transfer and dephasing
g. 10 studies in alexandrite. The temperature dependence of

the exciton diffusion constant is the same for excitation
5. into the 2E level and for excitation into the 4T 2 level. Us-

ing the theoretical framework developed by Kenkre, 23' 24

0 the temperature dependence of the ion-ion interaction
* rate and exciton scattering rate have been deduced It

1 2000 4000 6000 should be noted that the formalism of Kenkre is exact
E (tiff1 )  only on a perfect lattice, and thus the theory of Kenkre

should be considered an approximation to the exciton dy-
FIG. 13. Dephasing time for Cr3' ions in several different namics of the actual system. In this system there is a

crystal-field environments as a tunction of the energy difference broad distribution of distances between Cr 3 ' tons, and
between the peak in the 'T. and E absorption transitions. The hence there is a broad distribution of interaction
results were obtained for puifping in tihe 'T 2 level ofalexandrite strengths between Cr 3 t tons. Therefore, the ion-ion in-
invcrsion sites, ruby, alexandrite mirror sites, and emerald listed leraction strength in the Kenkre theory should be con-
in decreasing order of tile energy ditfferenice (adapted from data sidered to he ain average interaction strengtlh. The tem-
reported in Refs. 5 and 61. perattire dtpenetice of the ion-ion interacton traic is con-
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sistent with the Dexter25 model, dominated by the life- tion process in the pumping dynamics, but is a result of
time and linewidth of the spectral transition. This same beam depletion through the laser-induced change in the
analysis was used to analyze the data obtained pumping absorption coefficient.
into the 4'T, level. The ion-ion interaction rate is the Measurements of the FWM scattering efficiency as a

* same as obtained for the 2E excitation, but the exciton function of the grating spacing yield information on the
scattering rate is slightly higher. This may be a result of dephasing time of the system. These measurements were
the additional phonons generated in the nonradiative de- done for excitation into the 2E and 4T 2 states and an
cay from the 'T, state to the 2E state. This also confirms analysis of the data yielded two different types of dephas-
that the grating is formed in the "E state. The exciton ing mechanisms. The dephasing time for the direct exci-
transport properties imply a nonuniforn distribution of tation of the 2E level is consistent with the linewidth
Cr' ions. The intensity of the inversion-site grating data, implying that the inhomogeneous dephasing time is
-ontribution to tihe LIG signal as a function of the grat- the dominant dephasing mechanism. It should be noted

img splcing is consistent with the very low concentration that this is not a line narrowing experiment and specific
of imverion-site Cr>' ions in this sample. Results of subsets of ions are not excited. The dephasing time for
sin.-ar nrcast foments" have shown that the exciton excitation into the 4T 2 band is consistent with the nonra-
diffuion coetlicient in emerald increases with increasing diative decay time from the 4T2 level to the 2E level.
ItCnlpciatule. For that case the exciton scattering rate This is also evidenced in the temperature dependence of
was fouild to increase N ith temperature similarly to the the dephasing time. A detailed theoretical analysis of the
ricsxaiidrite results, but the ion-ion interaction rate exhib- nonradiative decay process was carried out. The model
iled i much stronger increase with temperature. This is used for this analysis includes the effects of anharmonici-
due to the smaller crystal-field splitting in emerald which ty and the admixing of the different states of the system.
allows the "I", level to become thermally populated at The results show the importance of intersystem-crossing
iiuch lower temperatures than in alexandrite. The in the initially excited vibrational level of the 4T 2 state.

* higher oscillator stiength for tIe 4T,-to- 4 , - , transition Calculation of the relative branching ratio shows this
tcd the greater spectral overlap from the 4T2 emission pathway for decay to the bottom of the 2E potential well

signilicaitly enhances the energy transfer efficiency. to be more probable than the pathway leading to the ini-
The tiansient LIG signal was found to reflect the satu- tial relaxation to the bottom of the "T 2 potential well.

ration behavior of the pumping dynamics. The model The dephasing time for alexandrite, emerald and ruby
used to analyze these transients accurately predicts the was found to vary approximately exponentially with the
functional dependence of the pumping dynamics on the energy gap between tile peak of the 4T 2 absorption and
lifetime of the excited state, the pump intensity, and the the 2E absorption, and this is interpreted as evidence for
absorption cross section. The absorption cross section the important role this ISC relaxation pathway plays in
for the inversion-site ions at 488 im and the laser- the dephasing processes in these materials. Also, the in-
induced change in the index of refraction were calculated tensities of the FWM signals for excitation into the 'T,
to be 0.5 . 1()- ) crn 2 and 5.0X 106, respectively. The and 2E levels were found to be significantly different and
results of similar measurements on ions in the mirror this is attributed to the difference in the dephasing rates.
sites are consistent wit h the higher value of the saturation
parameter. The power dependence of the LIG signal
shows a quadratic dependence at low pump powers, but ACKNOWLEDGMENT
at high pinmp powers a deviation from this dependence is
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The optical-spectroscopic properties of Cr' ions in Be3Ai2(SiO 3)6 crystals were investigated us-
ing several techniques. The temperature dependencies of the fluorescence intensity and lifetime
were measured between 10 and 300 K and shown to be due to thermal population effects in the 4T 2

and 2E levels. The results of time-resolved site-selection spectroscopy measurements show that the
Cr' ions occupy several different types of sites having nonequivalent crystal fields, and that spec-
tral energy transfer takes place between ions in different types of sites. The results of four-wave

0 mixing measurements show the presence of long-range resonant energy migration among the
chromium ions and provide information about the radiationless relaxation rate from the 4T2 level to
the 2E level.

I. INTRODUCTION D 3. The dominant structure in beryl is the SiO 18 rings

which are linked by Be and Al ions. As noted on Fig. I,
The potential use of emerald [Be3A12(SiO3) 6:Cr 3+I as a the first- and second-nearest-neighbor distances for the

tunable solid-state laser material' -  has generated Cr 3 + sites are 4.6 and 5.3 A, respectively. 10 This is much
renewed interest in understanding the details of the spec- larger than the 2.65- or 2.7-A first-nearest-neighbor dis-
troscopic properties of this crystal. Although the general tances found in similar Cr3+-doped laser materials,
optical spectroscopic properties of emerald have been ruby' 3 and alexandrite, 14 respectively. These larger dis-
characterized, 4 9 there are still important unanswered tances between Cr 3+ ions allow for high concentrations
questions concerning the local crystal-field environment without appreciable concentration quenching of the
of the Cr 3+ ions, the characteristics of energy transfer fluorescence. However, the tradeoff is that the density of
among the Cr 3' ions, and the details of radiationless available sites for Cr' 3 in beryl is 5.9 X I) 2' cm- 1, which
iransition in this material. We report here the results of is approximately 12% of that in the coruiidun lattice of
investigating the optical properties of emerald using ruby. 9 For emerald doped with 3 at. % Cr' ' I here is cvi-

0 several different spectroscopic techniques, including dence for the presence of exchange coupled pairs of Cr'

time-resolved site-selection spectroscopy (TRSSS) and
four-wave mixing (FWMI). The results show that the
Cr3' ions occupy sites having several different types of EMERALD

local crystal-field environments and that this leads to two B03AI,2IShO3 6
s Cr 3'

different types of energy-transfer processes in this materi- - 63A

al. The first is a short-range process between ions in sites
having nonequivalent crystal-tield environments, while
the second is a resonant, long-range migration process.
These processes are characterized in terms of Frenkel ex-
citons with the mobile excitation energy localized on a
Cr3' ion. The radiationless transitii us distributing the 46A

population of excited ions among tile 4'1 and 2E levels K0o1)

are shown to be responsible for the temperature depen-
dences of the fluorescence intensity and lifetime and for
the dephasing time of the lour-wave mixing signal.

The sample was used in this work had a rectangular
shape of dimensions 7.5 . 13 - 3.8 mm and a dark-green (11o)
color. It was grown by the hydrothermal method and A B 2

contained 3 at.% Cr 3 ' ions (N=1.77x102 ' CM 3 ). OA11" OB.2  SI 0

Emerald has the beryl structure with a space group desig- P6/mcc - D
nated as P6/incc and two molecules per unit cell. "' The

Cr ions substitute for the Ail' ions and -sit" at the
center of a slightly distorted octahedral site, as is seen in FIG. 1. Crystal structure of beryl projected Oito a iI(t)
Fig I. Fhe ite ,ynimet ;y of Crl '  in thIs lattice isl'  2 plane. (Taken from Ref 9 )

38 9996 c, 198 The American 'hvsic,il S, 1iv
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ions. II' Also, at this high level of concentration there is a I I I I .. .. . .

considerable amount of internal strain in the crystal, 16 T,7OK

causing different local crystal-field environments for the 'A =488nm

Cr'j ions which results in inhomogeneous broadening of a
tile optical transitions. Both the exchange coupling and
microscopic st rains can contribute to thle spectral struc- 6 h
tore described in Sec. 11.

4

I1. ()1I'CAL S PL'I'ROSCOPIC PROPERTIES

The absorption and fluorescence zpectra of emerald at 2

70 K are shown in Figs. 2 and 3. The former was ob-
tained using an I13M 9430 UV-Visible Spectrophotome- 0

ter. 'Ihe latter was taken using the 488-nm line of an ar- 650 700 750 800

gon laser for the excitation, a I-m Spex monochromator A nm)

for spectral dispersion, a RCA-C31034 photomultiplier
tube to detect the signal, and a lock-in amplifier to FIG. 3. Fluorescence spectrum of emerald with 3 at. % Cr '

enhance the signal-to-noise ratio. The sample was placed at T=70 K using 488-nm excitation from an argon-ion laser.
in a cryogenic refrigerator in order to control the temper-
ature. Front-surface excitation of the fluorescence was
used to minimize the effects of reabsorption. The peaks consisting of four peaks, and some structure is also ob-
in the absorption spectrum are labeled in terms of the oc- served it, absorption. The positions of these components
tahedral crystal-field designations of the final states of are listed in Table I. Each peak is designated with super-
their transitions front the 4 '2 ground state. The fluores- scripts, but it is not clear how the peaks in R I correlate 0
cence is associated With zero-phonon transitions from the with those in R 2 . Assuming that each of the peaks is as-
crystal-field-split components of the 2E level (R lines) aild sociated with a different local crystal-field environment
broadband fluorescence, which is a superposition of the for the Cr 3+ ion, and assuming the same oscillator
vibronic sideband of the R lines and emission from the strength for the 4 A 2x -2E9 transition for each type of en-
4T 2 level. vironment, it is possible to estimate the relative concen-

Figure 4 shows the absorption and fluorescence spectra trations of the Cr 3+ ions in each of the different environ-
in the region of the R lines at 70 K uncorrected for polar- ments from the absorption spectra of the R lines. These
ization effects. ('he effects of polarization on the spectra values are listed in Table I.
are clearly shown in Ref. 3.) Both fluorescence and ab- The decay kinetics of the fluorescence excitating at 588
sorption spectra were taken at temperatures ranging from nm were moniitored using a boxcar integrator. The sig-
10 to 300 K, but the structure in the R, and R 2 lines be-
comes most visible around 70 K. These lines are inhomo-
geiieously broadened with large linewidths, consistent
with results reported previously. 1 The fluorescence 10
spectra were obtained with cw excitation at 457.9 nm. R2  R1 ----
Both of the R lines in fluorescence exhibit a structure 1.4 6794 5A- Iluor

1.2

Z'-(103 cm1  a bs.

35 30 25 20 15 1.0 64, ' Ci

/ d 0.8 '4

o . H 2 4 A
','/ 0.6 "' ' - ' !

E 6 67894A-

2 0.4
I , / ! iL

678 680 682 684
2 , . , (nm)

300 400 500 600 700 FIG 4. IHigh-resolution fluorescence and absorption spectra
(nm) of the R lines in emerald at 70 K. The vertical arrows indicate

FIG 2 Ablsorption spectrum of emerald with 3 at. % Cr excitation wavelengths ised in site-selection spectroscopy. O t.

at T= 71 K. is the optical density.
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TABLE 1. Spectral properties of the R lines of emerald with 3 at. % Cr 3+ at 20 K.

Site
Parameter a b c d e

Peak position XR (nm)

Absorption 681.55 681.80 682.25 682.60
Fluorescence 681.80 682.20 682.30 682.60

Peak position X.R, (ni)

Absorption 678.80 678.95 679.24 679.56
Fluorescence 678.95 679.25 679.50 679.65

Concentration o, ions
N, ( X 10"' cm- ') 1.72 3.68 171.60'

Fluorescence decay time r (ms)
k,,=678.94 nm 1.112 1.436

0.317
k_ = 679.24 nm 1.859 1.079 1.610

0.707 0.351
L,. = 679.45 nut 1.540 1.575

Fluorescence rise time t, (Its)
X,, =678.94 nm 83.89 218.7
k, =679.24 nm 95.86 112.0 213.2
?L_ = 679.45 nm 149.8 364.2

'This represents the sum of the concentrations of ions in sites c and d since (heir transitions are not well
resolved; the transition from ions in site e is too small to determine an accurate concentration.

nals were found to be single-exponential decays over two lifetime decreases with increasing temperature due to
decades between 12 and 200 K. The decay time of the thermal population of the 4T 2 level. The temperature
fluorescence was 1.7 ms at temperatures below 60 K. dependence of the fluorescence lifetime is shown in Fig.
This is slightiy longer than the low-temperature lifetimes 5. A theoretical prediction for the temperature depen-
reported by Kisliuk and Moore' 6 and by Hassan et al.9  dence of the fluorescence lifetime can be obtained from
In both of these cases it was suggested that traces of Fe 2+  the expression
ions quenched the Cr 3 

t fluorescence. Above 60 K the +rT exp(-AE/AT)

Here it has been assumed that the 2E and 4T, levels are

2.0 I separated by an energy AE and their populations are in
thermal equilibrium. rTE and rT are the intrinsic lifetimes
of these levels and it is assumed that the intermediate 2T,

1.5
TABLE I1. Spectral energy transfer parameters for emerald

o with 3 at. % CrI 3 - at 20 K.

"0 From fitting the temperature dependence
1.0 of the fluorescence lifetime

AE 381 cm-1

7r 14 its
rE. 1.7 ins

0.5 From time-resolved site-selection spectroscopy results
14(0)/I,(0) 0.085
£1 15.59 s -- l 2

R, 7.42 A

0.0 , From fitting the fluorescence-decay kinetics
0 50 100 150 200 a" 4.67X 10 4 1 cmt/s

D 6.51 X 10-1 J cm2/s
T(K) a 15.98 A

R, 6.11 ,

FIG. 5 Temperature dependence of the fluorescence lifetime Theoretical prediction
of emerald D, _______ 4 6X 10 '13 cm'/s

ofeead
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levels do not play a significant role in the spectral dynam- 106 Ax 6789.4 A

ics. 6 Using Eq. (I) with the intrinsic lifetimes and the I IooM
energy gap treated as adjustable parameters, the best fit 8 T-20K
to the data is shown as a solid line in Fig. 5. The value of
the energy gap between the ZE and the 4T2 levels is found 6 I '
to be equal to 381 cm-, which is in good agreement with "
previous reported values. 6, 17 The intrinsic decay time of 4
the 4T2 level was found to be 14 Its, which is close to the
values found from previous investigations. 9' 16 The intrin-
sic lifetime of the 2E level was found to be 1.7 ms. The 2 ,,

parameters used in obtaining this fit are listed in Table II. - ' "
o
6810 6820 6830

Ill. TIM E. RESOLVED SITE-SELECTION
SPECTROSCOPY

Time-resolved site-selection spectroscopy (TRSSS) FIG. 6. Fluorescence spectra of the R1 lines in emerald at 1.0
measurements were used to characterize the properties of ms after the pulse after selectively exciting the R2 line at 6789.4
short-range spectral energy transfer between Cr 3+ ions A, at 20 K. The dots represent experimental data points and the
with different crystal-fielt environments in emerald. A dashed and solid lines represent the fitting with three overlap-
iitrogeii-laser-pumped dye laser, using Oxazine 720 dye ping Gaussian curves.
with a narrow linewidth ( <01 6 A) was used to selectively
excite the Cr' ' ions having a specific type of crystal-field
environment. Excitation in the R, line typically yields
three emission peaks in the R, line, and the energy wavelength and intensity, and the full width at half max-
Iransfer is predominantly from ions in crystal-field envi- imum for each Gaussian component.
ronients, resulting in higher-energy transitions to those The fluorescence risetimes and lifetimes of each of the
in environments having lower-energy transitions. Using three peaks were monitored for each excitation wave-
the labeling scheme from Table I, the ions with environ- length and temperature, and their values at 20 K are list-
ments giving transitions a and b act as sensitizers and ed in Table 1. The two highest-energy peaks are both
those wiih the environment giving transition d act as ac- double-exponential decays with fast risetimes, while the
tivators. It was not possible to resolve the c or e transi- lowest-energy peak is single exponential over two decades
lions using nanosecond pulse excitation into the R Z line, with a much longer risetime. The accuracy of the life-
and thus ions with environments giving rise to these tran- times and risetimes is approximately ±5%. To charac-
sitions are also counted as activators. By taking spectral terize the properties of energy trar.sfer between ions with
scans of the fluorescence emission at different times after different types of crystal-field environments, the two
the laser-excitation pulse, it was possible to characterize highest-energy peaks are designated as being from sensi-
the time evolution of the energy transfer between CrJ+ tizer ions and the lowest-energy peak as being from ac-
ions having different crystal-field environments. tivator ions, as discussed above. Figure 7 shows the

The experimental apparatus for the TRSSS measure- fluorescence spectra of the R , lines for four different tern-
ments has been described previously. 18 The emerald peratures at 100 ps after the three different excitation
sample was excited using three different laser wave- wavelengths. As the excitation wavelength is shifted to
lengths, 6789.4, 6792.4, and 6794.5 A,, which are shown lower energy, the number of distinct peaks decreases un-
as vertical arrows in the R2 absorption line in Fig. 4. til there is only one fluorescence peak remaining, that be-
The fluorescence spectra of the R lines were then spec- ing associated with the emission from the activator ions
trally resolved through a 1-m monochromator and direct- excited by the lowest-energy excitation wavelength.
ed unto a RCA-C31034 photomultiplier tube. The input There is also very slight backtransfer from activator to
and output slits were maintained at 100 /in to ensure a sensitizer sites, noticeable mostly at higher temperatures.
resolution of <0.4 A. Figure 8 shows the fluorescence spectra at 20 K, for the

Figure t shows the typical fluorescence spectrum of tile three excitation wavelengths, at five different times after
R lines at 20 K and at 1.00 ms after excitation at 6789.4 the pulse. The two highest-energy peaks (transitions
A. It was possible to resolve three separate peaks in the from sites a and b) evolve at approximately the same rate,
fluorescence as shown in the figure. To study the spectral while the lowest-energy peak (transitions from sites c, 1,
energy transfer, it is necessary to know the area associat- and e) evolves more slowly and becomes the dominant
ed with each peak and how it evolves with time. To get a peak at the longer times after the pulse.
good estimate for the area, the data were deconvoluted The time evolution of the R 1 lines is demonstrated in
with a curve-fitting routine that fitted three overlapping Fig. 9, which shows the changes in the ratios of the in-
Gaussian peaks to the fluorescence spectra. The separate tegrated fluorescence intensities of the activator transi- 0
Gaussians are denoted by the dashed lines in Fig. 6, with tion to that of the sensitizer transition. These areas are
the overall fit shown by the solid line. The Gaussian taken from the fits of the experimental data with Gauss-
profile fits the data quite well. From the curve-fitting ian curves. There is at, initial buildup of the ratios of the
routine it was possible to obtain the total area, the peak relative area of the transitions and, at longer times after

0
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the pulse, an equilibrium condition is approached. type of ion. As noted above, the time-resolved spectral
The time evolution of the ratios can be modeled using a data show that backtransfer from activator ions to sensi-

phenomenological rate-parameter model. 'a The sensitiz- tizer ions is negligible at low temperatures and weak at
er ions are those preferentially excited by the laser at a high temperatures. Therefore this process is neglected in
rate W, whereas the activator ions receive the energy the analysis. The reason that there is no strong back-

through energy transfer as well as a small amount of transfer in this case is that the concentration of ions in

direct pumping at a rate I,. n, and n, are the concen- activator sites is much higher than the concentration of

trations of the ions in the excited states, W, is the rate of ions in sensitizer sites and strong energy transfer occurs

energy transfer from sensitizer to activator, and l,, and among activator ions. This is discussed in detail in the

13, are the fluorescence decay rates associated with each next section. With these assumptions, the rate equations
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describing tlie tinie evolution of tie populations of the
excited state are

dt IV -f3, - W~, ,(2)

di _ V -f3,n. + IV ,,,i,. (3)

These equations call be solved assuming a 6-function ex-
citation pulse and an explicit time dependence for the ,6
energy-transfer rate. The solutions were obtained using ( 1.0

various types of time dependencies for W,0 associated "•
with different types of energy-transfer mechanisms. It H ____

was found that the best fit to the data was obtained with a /x50

time dependence for the energy-transfer rate of t/2 0 80
The physical meaning of this time dependence is dis- -0110
cussed below. The solutions of Eqs. (2) and (3) in this
case are given by

t,(t) ))exp(-5t - 2 t/2) , (4)0.0 0.5 1.0 1.5 2.0

n, (t)=n,(0)[exp( -/3, t)-exp(-33,t -2flt''/2)] t(ms)

+n, 0)ex p( - ,(5)
FIG. 9. Time dependence of the ratios of the integrated

where the time dependence of the energy-transfer rate is fluorescence intensities of the R I lines from Cr3' ions in sensi-
written explicitly as IV,, =.21 - t'2. The ratio of the in- tizer and activator sites for four different temperatures. The

tegrated fluorescence intensities is proportional to the ra- solid and dashed lines represent the theoretical tits to the experi-
tios o" the excited-state populations, mental data using a rate-equation model.

, /1, = 13,/1 ([l(O0)h v,I/I,(0)h v, ](/3'/f3', )+ I Iexp(2fi/')_ 1) (6)

where f3 i and f3, are the radiative decay rates associated propriate energy-transfer theory. In each of these
with the activator and sensitizer ions, respectively. The theories the excitation energy is treated as a mobile
solid and dashed lines in Fig. 9 represent the best fits of Frenkel exciton localized on a specific ion and able to mi-
Eq. (6) to the experimental data, treating laW)/Is(0) and grate on a lattice of sensitizer ions. Analysis of the data
It as adjustable parameters. The values for these parame- was attempted using several models and it was found that
ters at 20 K are listed in Table lI. the best analytical model for describing the transfer ki-

-he I variation of the energy-transfer rate is netics in emerald is that of Chow and Powell.19 This
characteristic of a single-step electric-dipole-dipole in- theory assumes that an exciton is created on the sensitiz-
teraction between randomly distributed sensitizers and er site and migrates among the sensitizers, and at each
activators. This tinie deoendence may still be observed step in the random walk the exciton has a possibility of
when additional energy migration among the sensitizer transferring its energy to any activator in the lattice. It is
ions is present. In order to determine the importance of also assumed for this model that the ion-ion interaction is

sensitizer energy migration compared to single-step of electric-dipole-dipole type and that thle sensitizer-
transfer, the change in the fluorescence intensity was sensitizer interaction is large compared to that of the
monitored as a function of time. This decay can be fitted sensitizer-activator interaction. Thus, the energy-transfer
with an expression for the time evolution of the fluores- rate is given by' 9

cence with lhe energy-transfer rate expressed by an ap-

JV, =4rN,0 D,a'[ ) +a( D, t)- 1/2+4rrNa"/3a'3

+2rriVa' f. dr(z"/r Ierfc[(r-- a')/(4D, e) 1/2]7

- grrN .,, " ' dr(a" /r5)lerfc[(r- a')/(4D~t)'/]I (7)
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I setup used in this work were described previously in Ref.
7 =6817.5A 20. Crossed laser beams from a ring dye laser were tuned
N:x=6789.4A to 588 nm, in order to resonantly pump the 4T 2 band.

6 - T=2OK This establishes a population grating of excited Cr 3 + ions
in the sample. The total laser power used in this work
was about 300 mW. A He-Ne laser was used as the probe

5 beam and the signal beam was processed by a Princeton
Applied Research-EG&G signal averager. By chopping
the write beams on and off, the kinetics of the laser-
induced grating could be monitored. These are

* influenced by the fluorescence decay and the spatial mi-

3 gration of Cr 3 + excitation energy from the peak-to-valley
regions of the grating. The primary measurements in-
volved in this work are the variations of the FWM signal
efficiency and decay rate with the crossing angle of the

write beams. The former provides information about ra-

1 diationless decay and excited-state- absorption processes,
while the latter provides information about the properties
of energy migration among the Cr 3' ions. Characteriz-

0 1 2 3 ing the energy migration is the main focus of this work.

t(ms) For a simple sine-wave grating, the scattering efficiency
at the Bragg angle is given by 2 '

FIG. 10. Time dependence of the fluorescence emission in- 71=exp( -2aL)[sin2(drrAn/2.--sinh2(d Act/4)]
tensity of one sensitizer site of Cr ' in emerald at 20 K. The
solid line represents the theoretical fit to the data using the (8)
Chow-Powell model for energy transfer.

where a and L are the absorption coefficient and thick-
ness of the sample, and d is the thickness of the grating.

where N, is the total number of activators (1.716x 1020 Making the assumption that there is little or no beam de-
cm - 3 as listed in Table I), ca"=R 31 is the parameter pletion, and that the product of the grating thickness and
describing the single-step transfer between a sensitizer the modulation depth is small, Eq. (8) simplifies to
and an activator defined in terms of the critical interac-
non distance Ro and the sensitizer intrinsic decay rates, riq(ir/2X)2 (d Ln2 )+(') 2 (d 2 Aa2 ) . (9)

D,, is tie diffusion coefficient for the random walk among For the type of population grating of interest here, it is
lite sensitizer ions, and a' is the trapping radius of an ac- possible to estimate the value of Az fhont tile a slianlard
livator ton. rate-equation analysis of the populatiOlts Of fhe i el rgy

Figure 10 shows the typical results of fitting this equa- levels and the transitions between them, ' 2 ' er3

tion to one of the experimental decay curves. The agree-
ment between theory and experiment is excellent. The A(=Nol1 au(a -a)/(21a +h'/r), (10)
validity of this theory is determined by the criterion that
rrD,, a 4a",- I > 1. For 20 K the values obtained from the where N, is the concentration of active ions, I, is the in-

fitting procedure are D,, =6.51 X 10- 3 cm 2/s, a'= 15 A, tensity of the write beams, r is the fluorescence lifetime,

and a"=4.66X 10 - 4 cm'/s, and these give a typical and or, and or2 are the ground- and excited-state absorp-

value of 22.1 for the validity inequality. Thus the cri- tion cross sections, respectively. A similar expression can

terion is met and we assume that this model accurately be derived fr the change in An usiig an oscillator model

describes the spectral energy transfer in emerald. This is for the transitions.23 However, the results involve a stni

in good agreement with the results of previous studies over oscillator strengths for all possible transitioits and

thal predicted a dipole-dipole-interaction mechanism for this is difficult to calculate accurately.

cinerald from ihe analysis of fluorescence-line-narrowing One method for determining the contributions to itie

results. " Using the analysis of the data described above, FWM4 signal due to An and Aa is to measure the varia-
the values of D,, were determined at several temperatures tion of the signal intensity with the crossing angle of the

and tound to be essentially independent of temperature write beams, 0. 20 The angle at which the peak scattering

below 1t)() K. Above this temperature it was difficult to efficiency occurs is sensitive to the relative magnitudes of

obtain an accurate analysis of the data because of thermal the complex coupling constants which describe the m-

line broadening. teraction among the four laser beams in the crystal, D,
and D 2. The real and imaginary parts of D t and D 2 were

IV. FOUR-WAVE MIXING RESULTS determined by using a Runge-Kutta technique to solve
the four simultaneous differential equations describing

Four-wave mixing (FWM) measurements were used to the coupled waves in the crystal. The results were fitted
characterize the properties of long-range spatial energy to the data using a computer fitting routine and treating
migration in emerald. The details of the experimental D', Dj, D', and D2 as adjustable parameters. The details
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of thsi procedure are described fully in Ref. 20 and the TABLE ill. Results of the four-wave mixing measurements
values obtained for the coupling parameters are listed in in emerald with 3 at. % Cr" at 12 K.
Table 111. Results from scattering-efficiency measurements

The relationships between the coupling parameters and 2.(x 10-
the physical quantities of interest have been derived by D, 8.ox 10- 9

analyzing the interaction of the laser beams with the en- X50 10 -

semble of atoms. 24.25 The values of Aa, An, and T 2 are D, 4.0x 10-'
given by Aa 0.22 cm- '

An l.3xI0 -4

Aa = - 2aD' ID , (11) Ai13x1-
2T, 1.2x 10- 1  s

An = (ac/ w)(D/D' I , (12) -q (absolute value for 0=5.3*) 4.0x 10- 1
or2  2.8x 10-20 cm2

(13) Results from grating-decay-kinetics measurements

where a is tile absorption coefficient for the write-beam V 1.91 x lo, s-1

wavelength (a=5.57 cm - 1 at 588 rim), c is the speed of a' 2.55X 10' s-'

light, (o is the circular frequency of the write beams, and D, 2.79x 10- 1 cm2/s

wt is the resonant frequency of the atomic transitions. L. 1.05X 10-5 cm

The dephasing tite can be separated into two contribu- L, 3.06X 10-5 cm
lions, N, 106

T2 =2T, -+ y (14)

where 1, is the pure dephasing rate due to phonon scatter-
ing and i1 represents the dephasing due to population and this can be attributed to the small value of the
rela.,alioi. The values obtained for these parameters are fluorescence lifetime at these temperatures. 21 The signal
listed in Table I11. Using the value obtained for Aa in kinetics are consistent with the predictions of the theory
Eq. (10). A value Ior the excited-state absorption cross of Kcnkre, 28 which describes the decay of a laser-induced
sect ion ca i be ine9iucd. The tagn itudc (f a2 obtained in grating in the presence of long-mean-free-pati exciton
this way agrees with the value of 2.79X 10 - 20 cm 2 report- migration. Again, it should be emphasized that the term
ed from direct excited-state absorption measurements. 26 exciton in this case refers to a Frenkel exciton in which

The FWNt signal-decay kinetics were found to be the excitation energy is focalized on an individual Cr3+

nonexponential and dependent on the crossing angle of ion and can migrate on a lattice of Cr 3+ ions. In the
the wrile beams for all temperatures for which a signal Kenkre model, the time dependence of the normalized
was visible. Above 160 K no FWM signal was observed, FWM signal is given by

1, t)=e -2 ' J(,(bt)e-"' +ta' f du e-"0- U)Jo(b(t 2 -u 2)1/2) 12, (15)

where r is the fluorescence lifetime, a' is the exciton to calculate the parameters for characterizing the dynam-
scattering rate, and b is given by ics of the excitation migration. These include the reso-

nant diffusion coefficient, the mean free path, the
b =T 2 anVO/45k • (16) diffusion length, and the number of sites visited between

Here, V is the ion-ion-interaction rate, n is the index of scattering events,

refraction of the crystal, 0 is the crossing angle of the D, =2V2a 2 /'o, (17)
write beams, and X is the wavelength of the write beams.
The average distance between uniformly distributed Lm, 1.414V//a', (18)
chromium ions in this sample is estimated to be a=9.87 L•"'I2DrT)'' (19)
A.

The FWN1 signal-decay kinetics were fitted using Eq. N, =L,,/a . (20)
(15), treating a' and b as adjustable parameters. In order
to emphasize the effects of energy migration, both the ex- The values of a', V, D,, L,, LL, and N, were calculated
perimental data and the theoretical expression were di- for each temperature and the values obtained at low tem-
vided by exp( -2t /7), which eliminates the fluorescence- perature are listed in Table II1. It should be pointed out
decay contribution to the signal kinetics. A typical that the expressions in Eqs. (17)-(20) are for migration 0
theoretical it to the data is shown in Fig. 11. [he excel- on a uniform lattice and thus should be considered as ap-
lent fit to the nonexponential shape of the curve indicates proximate values for the random lattice associated with
the presence of long-mean-free-path exciton migration. the case of interest here.
The values of a' and V obtained in this way can be 'ised Figure 12 shows the temperature dependences of the
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1.2 ion-ion-interaction rate and the scattering rate. Both a'
and V increase with temperature in this range. The in-

1.0 crease in the former can be attributed to increased
- scattering by acoustic phonons. The theoretical treat-

•2 ment of Frenkel exciton scattering by acoustic phonons
has been developed by Agranovich and co-workers. 29

QThe results of their work show that the scattering rate

should increase as T 31 2 and the dashed line in Fig. 12(a)

; 0.6 shows this type of variation. This provides a reasonable
explanation for the experimentally observed temperature

X dependence of a'.
- 0.4 The temperature dependence of V can be attributed to
"H the relative increase in the vibronic sideband emission

compared to the R-line emission as temperature is raised.
0.2 This causes an increase in the overlap between the emis-

sion and absorption spectra and an increase in the total

0.0 emission rate. Both of these factors cause the ion-
0.0 1.0 2.0 ion-interaction rate to increase. This can be approxi-

t(ms) mated by
V( T)= Cr- '(l,,b/1 ,1 (21)

FIG. II. Four-wave mixing decay kinetics (points) and where the I's represent the intensities of the two com-
theoretical fit to the Jata using Eq. (IS) (solid line) after dividing ponents of the fluorescence spectrum and C is a propor-
by the fluorescence-decay factor. T= 16 K and the crossing an- tionality constant. Using the values of the relative inten-
gle of the write beams is 0=20'. sities and the fluorescence lifetime measured experimen-

tally in Eq. (21) gives the theoretical points shown in Fig.
12(b), which are in good agreement with the experimen-
tally determined temperature dependence for V.

Using Eq. (17), the diffusion coefficient for long-range
5 resonant exciton migration can be determined. Figure 13

(a) / shows the results obtained using the experimental points
4 / for Vand a'. The solid line in the figure is obtained using

,/ the theoretical curves given in Figs. 12(a) and 12(h).
7" There is a good agreement between tlie two results.
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FIG. 12. Temperature dependence of (a) ile iott-
ioti- iteraction rate Vand, b the exciton ,caitering rate ai' ob- FIG. 13. Temperature dependence of t fe extion diffusion
taited trom I-WM data I'he dashed line itn (a) and the solid coefficient obtained from FWM dal. The solid lite tepresenis
points in (bil represent theoretical predictions. tile theoretical predicion for D,.
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V. SUMMARY AND CONCLUSIONS perimental results described above. This is also con-
sistent with the values obtained for the diffusion

Laser site-selection spectroscopy shows that the Cr coefficient in ofIher materials measured under similar con-
ions in emerald have different types of local crystal-field ditions.
environments. The origin of these different environments Tile order of magnitude of tile diffusion coefficient
cannot be determined from available spectroscopic infor- describing long-range resonant energy migration is
mation. The beryl host structure does not have distinctly significantly larger than the spectral diffusion coefficient.

different lattice sites for the AI 3 ions for which the Cr 3 + is solved sin the greater concentration of
If Eq. (22) isovdusingtiegaercnnrtonf

ions substitute. Hlowever, this type of spectral structure ions ;i sites c, d, and e, a value is predicted for :he
has been observed for many types of optically active ions diffusion coefficient of the order of 4X 1010 S -
in crystals and is generally attributed to two possible which is still much smaller than the diffusion coefficient
sources. The first is microscopic strains associated with determined by FWM results. The only way the highei
neighboring lattice imp-rfections (either point defects or values of the diffusion coefficient to be predicted theoreti-
dislocations). The second is exchange interaction be-
tweei pairs of Crs3 ions. The identification of tie origil cally is to assume a stronger mechanism of the ion-ion in

teraction. If the energy transfer takes place by exiange
of the spectral structure in emerald requires further work interaction, Eq. (22) is replaced by32

with a variety of samples having different concentrations
of defects and of Cr 3 - ions. However, it is not necessary D, =(2 r.V, P,/3) f R 4exp[ -12R /L + 4rN, R 3/3)1
to know tire exact nature of the inequivalent en',iron-
meits to analyze the general dynamics of the energy- 23)
transfer processes tii the material, which is the central in- where L is the average Bohr radius of the lectron wavewherest te veag Bhrtaduisfth work.n av

eest of this %York. functions and P. is a constant that depends on the spatial
The results described here indicate that there are two

different types of energy-transfer processes taking place overlap of the wave functions and the spectral overlap i-
in emerald. The first is short-range spectral migration tegral. These parameters have not been determined
imirug Cr1  tis having different types of local crystal- specifically for emerald, and thus an exact value for D , ,

field environmrents, while the second is long-range spatial cannot he obtained for this system, However, for Cr 3
+

3 ions resonant ions i A20 3 ruby) these parameters have been found to
migrat ion :iriolig Cr 3 in having reoattransition ion in Al 104O-1
energies. The f rmer evolves from ions having local envi- be'- 3 L =0.97 A and Po =4.3 x 1014 S- K Using these

ronnients leading to high-energy transitions in tile spec- values i Eq. 23) gives D 10 2-

tral protile to ions having local environments leading to good agreement withI the value of D, obtained fron

low-energy transitions. The relative concentration of the FWNI measurements. The value of L will always be close

latter type of ions is about 2 orders of magnitude greater ,, I A, but P, can vary appreciably from host to host.

than the former. lI this case tile spectral transfer is con- The nearest-neiglibor spacings between Cr 3 + ions in the

sistent with an electric-dipole-dipole interaction mecha- ruby lattice are smaller than in emerald, but the concen-

rsn and is indepeindent of temperature at lov tempera- tration of Cr 3 + ions present in our emerald sample is

tore. the ltatter type of spatial transfer involves a much greater than in most ruby samples.'i 33 Thus tile

s-troger iroeraction mechanism between ions in the more predicted value of D, obtained from Eq. (23) must be

cotcentrated type of environment, and the transfer rate taken as oniy a rough estimate for emerald. However,

increases with increasing temperature due to the increas- tie point of this analysis is to show that a strong, short-

ig importaice of vibrinic emission. range interaction mechanism such as exchange can lead

For both types of' energy transfer observed in this to a diffusion coeflicient of the order of magnitude of that

witk, (ie intiltstep migration of energy is riodeled as a obtained from FWNI measurements.

miofilc Fiekel excilon with excitation energy localized It should be eniphasized that there is no discrepancy

on ali tmdi ,dual Cr, , ion. Theoretical estimates can be between the results of TRSSS and FWNI measurements.

made for the dilfusion coefficient describing this type of The former probes the properties of energy transfer from
pfoccss. [:or incoherent hopping nigratin via dipole- ions in a specific type environment to ions in other types

dipl'e interactinor, the diffusion can be expressed as 3, 31 of environnients. These results are strongly affected by
tire far: that the concentrat on of ions ii activator envi-

., =(4TrN, /~r, ,. R 2ex1-4rr,,R/3) d R  ronments is significantly greater than the concentration

(22) of ions in sensitizer environments. This leads to a
dipole-dipole interaction with negligible backtransfer. 0

Ilere, N, is tie coicentratio(i of tions in the type of site Ott the () her hand, the FWM Nmeasurements are only sen-
(rairstcrritig lie energy arid r, is the Ilrorescence decay sitive to energy migration of distances of tie order of a
time of these ionr-. R, is tie critical interaction distance grating spacing. Thus the enery transfer measured by
, hiclh can he determined front the overlap of the cmls- this method takes place aniong the ions in tlie highest-
stut aild absorption spectra of the ions between which concentration environment ihirough a strong interaction
transfe. is occurring. lihe lower liirat of the integral is mechanism such as exthange. 13ofh types of ineasure-
taken to be the nearest-neighbor distance of 4.6 A. The ments are neccssarv to obtain a complete picture of tire
value of D, calculated front this expression using 'ica- different types o!' energy-transfer processes taking place
sured spectral data is listed in Table II. The result is the in the sample.
satre order fit' iragiitude as that determined front the ex- The value obtained for 1), is similar to that obtained
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for alexandrite. 20 However, the temperature dependence direct relaxation in the 'E level instead of initial relaxa-
of D, is quite different in alexandrite and emerald. In tion in the 4T2 level. Since the two states are mixed, the
both materials the scattering rate limiting the mean free branching ratio for radiationless relaxation will be deter-
path of the excicons was found to increase with tempera- mined by the r.tlative densities of states at thie terminal
ture. I owever, at low temperatures the ion- point of the absorption transition. For the materials in-
ion -interact ion rate in alexandrite is independent of tem- vestigated thtus far, thle branching ratio in [the 2E level
perature, whereas in emerald it increases with tempera- will be much greater than that in the 4 T 2 level. For hosts
ture. This is because thle vibronic emission transitions be- with smaller crystal-field strengths thle relative magni-
gin to become important at much lower temperatures in (tides of these branching ratios will be quite different.
emierald than in alexandrite, as can be seen from their Therefore, making similar measurements onl low-crystal-
fluorescence spectra. This is associated with the weaker field-strength materials is anl important test of this model
crystal field at the site of the Cr 3 ion in the emerald hlost for interpreting the T2 results.
compared to alexandrice.
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Four-wave-mixing spectroscopy of a Cr3 +-doped transparent glass ceramic
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Four-wave-mixing (FWM) experiments were performed on a Cr3+-doped transparent ceramic
material with the composition of cordierite. Whereas no FWM signal could be observed in a nor-
mal glass of this type, a strong signal was observed after devitrification. The signal strength in-
creases as temperature is lowered, even though the fluorescence lifetime is constant. The variation
of the signal strength and decay rate with crossing angle of the write beams shows that there is no
long-range energy migration, and the dephasing time due to radiationless processes in the excited
state is very fast compared to Cr3 ' -doped crystals. The increase of the signal intensity with laser
power shows the effects of saturation and excited-state absorption.

I. INTRODUCTION A1203, 20.39 MgO, and 0.35 Cr20 3. This is close to the
mineral cordierite and contains 1.77X 102 Cr atoms per

Glass ceramics are highly attractive materials for cm 3. The glass ceramic is obtained by heating the glass
many ontical technology applications because they com- to 950"C. The final sample is about 68% crystallized.
bine the properties of crystals with the advantages of The crystalline regions are about 350 Ak in diameter and
glasses. 1' 2 Several different authors have suggested the their composition is Mig (Alt_1 Cr , ). 4. Since x is
application of Cr 3+-doped transparent glass ceramics as much less than 1, the particles are similar to chromium-
lasers and other luminescent devices. 3- 7 In earlier publi- doped spinel crystals.8

cations5 - we reported a technique for synthesizing a The experimental setup used for the FWM measure-
transparent glass ceramic similar to cordierite without ments is shown in Fig. I. The 514.5-nm line of a Spectra
any nucleating agent other than Cr 3 . This particular Physics argon laser was used to excite the high-energy
technique results in a high concentration of Cr'+ ions, side of the 4 A 2-4T 2 absorption band of the Cr 3' ions.
with most of them being in the crystalline phase. The An argon-laser-pumped jet dye laser with rhodamine 6G
tluorescence properties of this material were also report- tuned to 571.5 nrn was used to excite the low-energy side
ed.' - The luminescence consists mainly of a broad of the same absorption band. The total power was
line centered around 693 tim, with a width of approxi- varied using a variable neutral-density filter. The laser
mately 250 cm - 1 at room temperature. This fluore!- output was split into two beams which were slightly fo-
cence comes from the 2E-4.A 2 transitions of the Cr ,s cused and crossed inside the sample to form an interfer-
in the NIgAI2 O4 crystalline phase. The significant t..io- ence pattern in the shape of a sine wave. The difference
mogeneous broadening was attributed to a cation disor-
der in this phase.

In this paper, we report the results of further investi-
gations of the spectroscopic properties of this material

using four-wave mixing (FWNI) spectroscopy. This tech-
nique has been shown to be a powerful tool in character-
izing the spectral dynamics of rare-earth and transition- N N D

metal ions in crystalline hosts. 11.2 The results obtained
in this work show that devitrification allows FWM sig-
nals to be observed in glass ceramics whereas no signal ..

could be observed in the normal glass. The properties of..."......-r.-----.-.--..-
the variation of the signal with laser power, write-beam-
crossing angle, and temperature provide information P M .......
about the pumping, decay, and energy-transfer charac-
teristics of the Cr 1 ' ions in this type of host material.

II. EXPERIMENT
FIC Exp rimental setup for FWM measuremcnt,. (l

The base glass used to obtain the glass ceramic has the chopper; ND, variable neutral-densoy filter; M, nurror; HtS,
following composition in mtool %: 56.9 SiO, 22.36 beam splitter; and PM, photornultiplier tube.

37 1435 @1988 The American Physical Society
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ii (lie optical path lengths of these two write beams was 10
less than tile coherence length of the laser.

The iterference pattern of the crossed laser beams in- (a)
duces a change in the complex refractive index of tile 5
sample wit h lie sanre spatial pat tern. This appears as a2

refracti'e-index grating which can be probed by scatter- .
ing a read beam produced by a 10-mW lHe-Ne laser at
632 8 rim. [lie maximum signal intensity is obtained for 100
the lBragg scattering condition. For this situation, the
read beam is slightly misaligned from being counter- a: 8 (b)

* propagating with one of the write beams and the signal 6T6-

beam is slightly off counterpropagating with the other .2
write beam. A mirror was used to pick off the signal = 4

beam and send it through a 0.25-m monochromator to 20 0
eliminate sample fluorescence. The signal was detected
by a Hanamnatsu RI547 photomultiplier tube, processed

*by ir EG&G/PAR signal averager, and read out onl a 1U
strip-chart recorder. For transient measurements, a ( 8 0 c)
mechalircal chopper was used to turn the write beams off

and on. Io determine the temperature dependence of 6
the FWM signal, the sarnp!e was mounted on the cold 4
finger of a cryogenic refrigerator with a temperature
controller capable of temperature variation between 2
about 15 and 300 K.

0 3 6 9 12 15Ili. DESCRII'TION OF RESULTS Crossing Angle (deg)

FWM experiments were attempted oii the normal FIG. 2. FWM scattering efficiency vs crossing angle of the
glass sample, but no signal could be observed at any write beams in the sample for an excitation wavelength of

514.5 nm. (a) T=300 K, P = 3.8 1 Wcm-'. (b) T=300 K,
temperatures. Oir the other hand, for the glass ceramic
a strong FWM signal was observed for both the 514.5- -6 tx for (ci T= 120 of Pheoretical lcnes.and 71 5-rm exitaionlins. Te sattringeffezecy See text for explanation of theoretical lines.)and 571.5-nm excitation titnes. Tihe scattering efficiency

was measured to be approximately 0.01 with the 514.5-
rim excitation at a write-beam intensity at 1.3x 104
W cm - 2 When exciting with the 571.5-nm line at a The intensity of the FWM signal was monitored as a
write-beam intensity of 3.8X 103 Wcm- ' , the scattering function of temperature and found to increase as the
efficiency was found to be approximately 0.002. In addi- temperature was lowered. Typical results are shown in
tion, a thermal lensing effect was also observed with tIre Fig. 3. The same type of temperature dependence of the
514.5-nm excitation line, becoming significantly imnor- FWM signal was observed for both excitation wave-
tant at intensities greater than 4.0.< 103 Wcm - 2, and lengths. The temperature dependence of the lumines-
leading to the destruction of tile FWNM signal above cence der'ay rate wlrs ako measured for this sample aind
1.3 -104 Wcm-2. For this study, we restricted the laser no change was observed in this temperature range. The
power to below 5.0x 101 Wcm-2 .  temperature dependence of the FWM signal intensity

Wheri tie .vrite beams were chopped off, the decay from a population grating is generally proportional to
rate of the FWM signal was measured to be equal to
twice the measured 2E-'112 luminescence decay rate for
all crossing angles of the write beams. The same result 10
was obtained for both excitation wavelengths at all tem-
peratures. rThis is the normal behavior for a population 0
grating without the presence of any long-range energy 5
ruigration.
The scattering efficiency was measured for different

write-hpiwn crossi'- angles using the 514.5 nm laser line. 3
At room temperature and relatively high power "C

13 8 - 101 W cm -2), the angular dependence of the FWM 2

agigal is shown in Fig. 2(a). The observed behavior with
a rather flat angular dependence is quite ulntisial. When
tie power is decreased to 6.4 X 102 Wcm - 2, the angular I___,

dependence changes drastically, as shown in Fig. 2(b). A 0 100 200 300
change in tIre shape of the angular dependence is also T (K)
observed when the temperature is lowered to 120 K [Fig. FIG 3. Temperature dependence of the FWNVM caierig
2(ct], efficiency for ain excitation wavelcrngth of S14 5 rm.
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the temperature dependence of the fluorescence lifetime, sorption part can be neglected and the sine function ex-
Since this is not the case for the glass ceramic studied panded. This predicts that the signal intensity I, will be
here, other temperature-dependent processes must be proportional to the square of the modulation of the re-
affecting the FWM signal. fractive index, An,

The FWM scattering efficiency was also recorded as a
function of total laser power in the write beams and the I o I 12 (2) 0
results are presented in Fig. 4. With the 514.5-nm exci- In the absence of any long-range energy migration, An
tation line [Fig. 4(a)], the signal intensity follows approx- will decay with the decay of the excited-state population,
imately a quadratic dependence on the writing-beam in-
tensity [I =(l[)'/ 2J at low powers. Above 4.0X 103 and therefore

W cm - 2 tle signal tends toward a saturation level. With 1 (t) = l0 exp( -2t/ f 3)
the 571.5-nm excitation line [Fig. 4(b)] tile signal follows
a fourth-law dependence oii laser power with no ob- where i"/ is the fluorescence lifetime. In this glass
s,, d saturation. ceramic sample, the 2E fluorescence decay is highly

nonexponential due to the wide distribution of crystal
field sites and tile presence of strong ion-ion interac-
tions.10 In this case, we define the lifetime as the Ile

For the type of sample investigated here, the FWM time of the decay of the fluorescence intensity. The
signal is associated with the scattering of the write beam FWM signal exhibits the same degree of nonexponential-
from a laser-induced population grating. The grating ity, and thus the I/e definition is again used for the sig-
arises from the modulation of the complex refractive in- nal decay time. Typical fluorescence and FWM signal
dex of the material due to the difference in the polariza- decays are shown in Fig. 5. Equation (3) predicts that
bility of the Cr 3 " ions in the ground state and excited the FWN signal will decay with a decay time equal to
state.13 The absence of a FWNI signal in the base glass half that of the fluorescence decay. This corresponds ex-
is not surprising due to the very low quantum yield of actly to what we observe and holds for all times of the
Cr 3 ions in this host even at low temperatures. 3 

14 This nonexponential decays for our glass ceramic sample.
is associated with strong nonradiative relaxation for Thus we attribute the FWM signal to scattering from a
Cr 3  ions in weak crystal field sites. population grating of Cr3' ions in the 2E excited state

For a holographic grating, the FWM scattering without any long-range energy migration, at all tempera-
efficiency is expressed in terms of the contributions from tures in the range 20-300 K. The sample consists of mi-
the modulated absorption and dispersion parts of the re- crocrystals of' about 400 A diameter embedded ill a glass
fractive index ast5  matrix, and the grating spacing is of" tie order of 10000

k. Since the F\VM signal is only sensitive to energy ii-
)I=exp( -2t,,F)[sinh 2( At F/2)+sin2(TrrFAn /,)] . (1) gration over distances of the order of the grating, it is

Ifere F=dl/cos 20) where d is the grating thickness and not surprising that io long-range energy raister is oh-

0 ib tie crossing angle of ile write beams in the sample.
As a first approximation, tile contribution from the ab-

1(.................................
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served. We expect some energy diffusion within each demonstrated by the strongly nonexponential lumines-
microcrystal, but not between different microcrystals. cence decay curves. The dephasing is mainly governed
This is similar to what has been observed in by the fastest relaxation mechanism, even if this involves

* semiconductor-doped glasses.16 only a small part of the total Cr 3 ions.
Assuming a simple two-level model for the atomic sys- The results listed in Table I indicate that the FWM

tern, equations describing the FWNI scattering elficiency signal arises mainly from a dispersion grating. At low
versus crossing angle have been derived,'' but no analyt- temperatures, the contribution from the absorption grat-
ic solution has been obtained for these equations. To an- ing is more important. Tire values of Aln and At listed
alyze tire experimental results, the two coupled, complex in Table I were obtained by fitting the experimental data
differential equations needed to describe the FWM signal of the relative signal intensity versus tire crossing angle
are solved numerically using a fourth-order Runge- of the w-ite beams. However, tire value obtained this
Kutta Method. The numerical values of the coupling way for An is consistent with that calculated front tile
coefficients obtained by itting this model to experimen- absolute value of the scattering efficiency at room teui-
tal results can then be used to determine the laser- perature, assuming negligible contribution from an ah-
induced modulation of tire absorption Aa and dispersion sorption grating.
Aln parts of tle refractive index.'' Theoretical fits to the A theoretical expression for the modulation of the ab-
data are shown as solid lines in Fig. 2 and the values of sorption part of the refractive index can be deriveu from
the fitting parameters are listed in Table I. Using these the rate equations describing the atomic system. 17 For
results, tie dephasing tinre of tile atomic system T 2 can tie simplest case, the absorption is given by'i

then lie calculated from tie expression ( C I1VNI +(rNY , 5I

I.-2./e I Air /Atz )(u -" 1-2 (4) where N, and N 2 are tire populations of the ground aid

excited states, respectively, and N =A', +, represents
where i. the center reqtency of the transition. The the total number of Cr 3' ions per unit volume. u, aid
values of 1', obtained fromi this analysis are reported in cr, are tile absorption cross sections in the ground and

Table I. Depending on the temperature and excitation excited states, respectively. Under cw pumping, the
power, the depiasing time varies from 10.2 to 53.4 fs. solutions of the rate equations give

In previous work of this type on Cr 3+ crystals,'1 the
magritude of tie dephasing time has been related to the (N 2 -,VN )=N[(nlI -IIV/i 7f)/(ol +hv/r)] .f6)
energy gap between lhe 'T, and 2E levels. The smaller

Tire intensity of (ie laser interference pattern inside the
this gap the smaller T 2. However, for tile glass Iceramic sample varies sinusoidally as I =1[ l+sin(k r)]. The
tire average energy gap is greater than 1400 cm- , which amplitude of the laser-induced modulation of the absorp-
is consistent with the observation of a constant fluores- tion coefficient is 17

cence decay tine between 10 and 300 K. Extrapolating
the crystal results to this value of AE predicts a dephas- Aa =N, P ( U 2 -oa)/2 , 7)
ing tine of tie order of several picoseconds. However,
tire glass ceramic has a much greater degree of inhomo- where Np is the excited-state population in tlie peak re-
geeois broadening not present in the crystalline hosts. 0 gion of tire grating, given by

Tie broad distribution of crystal field strengths for the N, =2Nlor/[21,), + /IvT] . (8)
Cr -3 sites results in some of them having the relaxed

2 level below the 'E level. This is shown by the obser- Using the same model, the modulation of the disper-
vation of weak luminescerice from tire 4T 2 level along sion part of the refractive index can be found by treating
witi the strong luminescence from the 2E level.") The the atoms as damped harnioric'oscillators. 18 In this case
observed nionlinear polarizatioln responsible for tire tire dispersion part of tire refractive index is given by
FWM properties is due to a combination of tie individu- , = [N , (,)

2
) 2 2 ) 2 + (wy, (2 9

Al rionlincar plolariabilities of each of the Cr' - ions. hi n -,

additiini, t"rong interactiolrs between tie Cr' +  ions and
elect ron-pin n interactions are present. This is where i refers to all different possible transitions with os-

TAiLE 1. Parameters obtained fromrn FWM nicasirrenrenis.

T=300 K T=t120 K

Parameter P=64,- 1(02 WVcm - 2  P=3 8.< 10' WVm 2 P=3.8:< 10' Worn-

A(I Cnr i 0.24 13 0.97

A 1.36 < t0 5.33 x t0 1.07< 10-r

I" (sec) 5.34 < 10- 3 7()< 10- ' 1.02;< 10 - "

711 Au 1 1.17 10 27 I0 - '  7.12x 10- '
rl? Anl 2.05 x' 10 - 2  117 10) 1.98 x. 10

- 2

'h ,,2.09,,1-' 2 1 n 14 ) it 1.,)s 10t - ,

I fm0 10 1 - 2 50 ) 230 , 10- '
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cillator strengths f, at frequencies (cij, and widths yi. If power density of the write beams inside the sample. The
the laser frequency is near resonance with only one latter effiect would make it possible to reach saturation of
ground-state and one excited-state transition, the other the 2E population at a lower laser power than that pre-
terms in the sum can be neglected and combining Eqs. dicted theoretically.
(6), tS), and (9) gives ail expression for the modulation of The power dependence of the scattering efficiency for
tile dispersion part of the refractive index, 571.5-nm excitation can be described by a fourth-power

/2n dependence on tie total laser intensity. lhis implies
A - -(N p/ p  that tile nonlinear intcraction between ile excitationf. f(o-o)[a 2 2-- 2]- I Ieams and the ions occurs through the liftli-order sus-

2 2 2 1 ceptibility, 'V 5 . The most important contril(uioll to ',5,
-fl(wa- )[ ( o- -)+yiw2 ] W , (10) usually arises from the population of al intermediate

where no is the refractive index of the unperturbed sam- state. 21.22 This can occur through either two-photon ab-

ple. sorption or excited-state absorption processes. Excited-

Equation (1) along with Eqs. (5)-(10) can be used to state absorption is known to be imi,-,rtant in other types

interpret the observed temperature and power depea- of Crj -doped samples. 2 3.24 For examph,., a,i excited-
dences of the FWM signal. The data in Fig. 3 indicate state absorption band is located around 180(0 cm :;,
that the temperature dependence of the scattering ruby. -4 The strength of tile crystal field at [ie site of the
ethiciency can be described by Cr 3 + ions in our sample is similar to that of" ruby, and

thus we can expect a similar excited-state absorplion

7,(T)=7j(0)exp(-T/T,) , (11) band to be present. Tile 517.5-nm (17 500-cm I) excita-
tion is close to the maximum of this excited-Stalte i-

where T, = 165.5 K. For th glass ceramic in the range sorption transition, where-:,; tile 5 14.5-rnl (1,.140-cmi )
of temperatures investigated here, the absorption excitation is on the edge of the band. This could explain
coelficient (and thus the ground-state absorption cross the observation of excited-state absorption effects with
section) and the fluorescence decay time are both con- the former excitation wavelength and tot [lie lattcr.
stant with temperature. Thus Eqs. (7)-(11) imply that However, as noted above, no information on excited-
tile observed temperature dependence of the FWM sig- state absorption is currently available for the type of
hal is associated with the spectroscopic characteristics of sample investigated here.
the excited state. The increase in the FWM signal inten- The observed power dependence suggests that high
sity as temperature is lowered would be consistent with scattering efficiency can be achieved with 571.5-nm exci-
an excited-state absorption transition whose width de- tation. For example, considering the measured value of
creases or whose oscillator strength increases at low tem- 0.002 for an intensity of 3.8X 103 W cm 2, extrapolation
peratures. Although these are normal spectral lenpera- to higher power densities of the order of 1.0x 10'
lure depeindences, at tile present time, no specilic data Wcm 2 should produce a scattering etlicicncy of ap-
are available on the excited-state absorption characteris- proximately 0.094. Such high scattering clticiencies aie
tics of tihis sample. associated with the contribution from " ', which may he

The same simple two-level system model predicts that related to the high Cr3' - concentration and tie lug
the power dependence of the scattering efficiency is excited-state lifetime of about 6 ins.
governed by the excited-state population N 2p, which is
proportional to the incident laser intensity, and thus

V. CONCI.USIONS
rlc .l (12)

This work represents the first investigation of four-
This theoretical prediction is consistent with the data wave mixing pioperties of a transparent glass ceramic
shown in Fig. 4(a) for 514.5-nm excitation at lower material. Since no FWM signal can be observed in the
powers. Above about 4.0x 103 W cm - 2 a deviation from normal glass whereas a strong signal was observed in the
tile quadratic dependence is observed. ceramic sample, these results demonstrate that

Several phenomena can contribute to the deviation devitrification drastically enhances the strength of
from a quadratic powcr dependence. First, saturation of FWM. The observed characteristics of the FWM signal
the excited-state population can occur." ' -,20 The "satura- provide information about the spectral dynamics of Cr3

lion intensity" of a two-level atomic system is given by" ions in this type of material. The properties of the

(E)c /2)(f1 /rT, 7 ) , (13) FWM signal are consistent with scattering from a laser-
2 ' induced population grating ofCr3 ' ions in tie 2E level.

where ti is the electric dipole moment, it =2iaoe'/ The variation of the signal with temperature and laser
.VA T,. Tile calculated value for tile laser power needed power indicate that the properties of the FWNI signal
to saturate the po)pulation of the 2E level in this sample are governed by the spectroscopic characteristics of the
is 9A. x 10, W cm 2 . This calculation does not take into excited state. No long-range energy migration takes
account the effects of inhomogeneous broadening, place in this sample, probably due to tile separation of
Second, thermal lensiig becomes important above the microcrystals. File inhomnogeneuis broadening (tle
3.8 10' W cm - . Ihis call contribute to the desrtic- to random disorder in the crystal field sites ahng with
lion of the grating through thernial effects and, in addi- ion-ion interaction leads to a fast dephasiug itie of tie
Hlt, produce a self-focusing effect that increases the atomic system. The maxiuinum signal strcnigtli is limited
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by I herial lensing Mid sat wation1 effects. However, terials have been published since this manuscript wis
sc:,itternug efficiencies as h ighl as a few percent were oh- originally prepa red.2'
served, indicating that this type of transparent glass

* ceramnic nay he ait atItract ive ne'w material for FWMI ap- ACKNOWL1EDGM ENTS
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'The absorption and fluorescence spectra and fluorescence lifetimes of Cr
1* ions in two garnet lios. iiiGaO aid

G(iSc,U;aO,,, were measured as a function of temperature. in addition, laser-induced gratintg mteasuremlents were made as a

fuitctiont 01 laser power and write beam erossing angle for various temperatures between 10( and 300 K. For short writing tiltics,
Cri population gratigs are produced and the observed signal dynamics were used to determiune lie properties of escitun ittigia-

tion in these materials. Tile exciton diffusion coefficient for Gd 1Ga1 O12:Cr' was found to decrease as tettiperaitie is raised

while in GdSe,Ga,0O2:Cr'* tile diffusion coefficient increases. Contributions to tite laser-induced gratings from absorption anti

dispersion changes were deternmined and this was used to provide inforntation on radiatiortless (decay attd escited state absorptiun

pioeesses. -rhe differenees in the results obtained on thtese two ntaterials are attributed to the spectral effects produced by the
dilfe. nt crystal Field splittings of the Cr energy levels. For long writing timles, long-lived chtanges in tlte teltactive Index were
also observed aidatimbuted to optically induced color centters.

1. Introduticion ate also observed witls 1_16 sectroscopy.
The (0CC Cr1 satmple used tlur these experi-

Garnet crystals such as Gd 1Ga5sOi ( COG ) and tuents was5 1.5 tnim tick. The a verage ctsncei~ttInt
Gd 1ScGi, , (GSGG ) htave beets used as htost m1a- 01 Cr1  iotts was (1.5 al%.b hut color gradiettls ItI life

terials for lasers with Cr 5" and Nd" as tlse active ctrystal indicate a nonuiform distribtluti ofI clro-
ions. Thle fundamental optical spectroscopic proper- mistns. The majority of tlec measuretmetnts teplttedl

ties of these materials have been measured [ 1-141 here were performed onl tile dar k greetn pat I of the

but many of the details of the optical properties have crystal, where the Cr'* concentration wats highiest.

not yet been studied. It is especially important to un- Thse GSGG:Cr1  was 0.55 ctts thtick wilth 0.5 at

derstand ilse process of energy transfer among thle Cr' and no obvious color gradients. Thte C'r' ' onts
chromium ions since tlsis can effect thle lasing char- substitute for the Ga'~ t ons tn GGG and for the Sc' '
acteristics of Cr' lasers and tlse efficiency of sensi- ions in GSGG. This results its a local crystal field site

t izing Nd' ' tns in double-doped laser crystals. We withs an octahedral coorditnation of oxygetn iotss its tile

report here the results of a study ofCr' t -doped GGG garnet lattice [ 7,15 1. Tile presence of different tylsess

and GSGG crystals using both standard spectroscopy of crystal field sites for Cr' 'its GGi Itas been rec-

techniques and Ilse technique of four-wave mixing ognized previously [7]1 and attributed to lite sittisti-
( FWMI) to produce laser-induced gratings (LiGs). cal occupancy of thle next nearest neightbor sites wvitht

Thse results obtained on energy mtgration among the Gd31 instead ofGa' +

Cr" tons are significantly different for thle two gar- Thse sample was moutsted on the cold finger of a
net hsosts. This is attributed to the different magni- cryogenic refrigerator wills a tenmperatutre controller

tudes of the crystal field splitting of the Cr'+ energy which allowed tile sample temperature to be main-
levels The effects of optically induced color centers tatned to about ± 0.5 K between 10 and 300 K. Thle

absorption spectra were taken on an HIM 9431) [V-
Permianent addiress: tnsti of Physics, Polish Academy of visible spectrophototncter. Thse fluorescence spectra
Sciences. Al. Lotnikow 32/46,0)2-668 Warsaw, Poland. were recorded with ithe IIse of a I Its Spex tmono-
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Excitatiuon was provided by either a Spectra Physics 1 fA

cw itgo iotn laser of by a pulsed Mlolectron nitrogen 0.6

laser-puinted dye laser using a solution of oxazineH
72t) and rirodamine 13 in ethanol and DMSO [ 16]. 0.6-

lot chopped cw excitation anl EG&G/PAR mnodel
128 lock-in amtplififer was used to enhance the sig- .> I

* ital-to-nrrise ratio. while for pulsed excitation an - \ I
[EG&(G/l'AR miodel 165 boxcar averager was used.02

Four-wave mixing was used to establish and probe O.O 00 - 70

laser-induced gratings. The LIG measurements were 30 0 0 0 0

ptefornmed uisig either the 488.0 or 5 14.5 nm line of
the argon laser for the "write beams" and a helium-08

* neon laser for the "read beain". The write beams were

ettotitrd to mecasure the transient behavior of the LIG
signal !)cant. Thc signal was recorded by an EG&G
4_12 signal averalger and processed by an IBM XT 04

SUred with tlie use of a tock-in amplifier. More com-
plctec details ofttte LIG experimental setup have been 02-

titisttcd priouitsly 117 070.

c300 400 500 600) 700

2. Spcirscopuic properties of Cr iorin f GGG and Fig- 1. Atisoorruon spectra oli GSGG( Cr' '(A) and GGG Cr'

tt 1 )at 1 2 K The inserts sthow expanded views of i li gadotitini

it airsit ions. (Sec text for simple thicknesses and Cr'*

'I I lre absorption spectra ofCr3 in GGG and GSGG COncrCal~liiOiS.)

ot12 K arc .riT,2. . Tl, tv L, oad bands aic
characteristic of thre transitions from the 'A2 ground Thle portions of the fluorescence spectra associatcd
state of tlte 3d1 electton cotnfiguration of Cr3  ions inl with the vibronic transitions from tire 2E level at 12
rrr octahedral envirornment to tire 'T, and "T, levels, K are shown in Fig. 2. Thre vibrotiic peaks extend to
rcspect'.ely. "Flte thtird band in thre GGG crystal lower energy from thre R lines with some specific
ptakest rear 35)) tit is attributed to transitions ter- phorion peaks identifiable. I lowever, it is difficult to
itt ia ting oitt tire 'T,(h) level. Sharp tinies appei.,r rr iden ti fy nianiv ph t'oron nrnqre~siorrs rin tile complex

thirre regions oif tlte spectra. The two tines near 695 structure due to tire overlapping of thre different vi-
iui nre tile R litres (tie to transition terminating on bronic transitions associated with the large number
i lie ciittporretrs ofthre 2E level split by spin-orbit in- of phtonon riodes in thre garnet crystal structure.
Icractiuon arid lower-order crystal field perturbations. Tire absorption and fluorescence spectra at low

*~ ~ ihe treat ty lilies at hrighrer energy are a mixture of temperature in thre region ofthre R lilres are strown in
v.iliotc tranrsitions anrd zero-plronon lines associ- fig. 3. For GGG:Cr' th1(le R lines exhibit a signifi-
ated withi iitisitionsiteriiating on thre IT, and 'T, cant amount of structure arid tlrere is a prominent
le els. Thre structure on tire low-etrergy side oftre 'T, secondary peak on tire low-energy side of the R, line
haird may be due to vibrorric transitions or zero- near 694.5 nm. It is not possible to resolve any sinri-
plrnoti litres associated with tranrsitions terminating far structure in tire spectra of GSGG:Cr'" due to thre
oi nthIe 'T, or ' ' leveis Tire strarp lines around 3 10 greater overlap with thre 'T, ermissioni band. Thle spec-
in ire dtue toi) tattii ions of thre (3d " ions whlicth are tral positionrs of tire zero-ptrloirotl litres arrd tile split-

split it several Stark comrponetnts as shrownr in tlire tirigs of thre energy levels are listed in table 1.
riser). Thre structure obiserved in thre R ltries in GGG: Cr''
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f 2 t Fluorcscence spectra at 12 K for (A) GSGG Cr3 * and Fig. 3. Absorption and fluorescence spectra in the region of the
(B) 6G(i ('r R lines for (A) GSGG Cr " al 12 K and (B) GGG.Cri

" 
at 3

K.

was investigated in greater detail using site-selection
spectroscopy techniques. Fig. 4 shows higher-resolu- to strong, broadband superlluorescence from the dye
lion spectra of the R, and R, lines at 20 K for this laser.
sample. The R, spectrum was again recorded after The data described above are consistent with hay-
broadband excitation. The upper and lower traces of ing at least four nonequivalent crystal field sites for
the R, spectrum were obtained using narrow line ex- the Cr3 * ions in GGG crystals. The positions of the
citation from the nitrogen laser-pumped dye laser set R, lines for ions in each type ufctnter can be deter-
o1 wavelengths of 691.53 and 692.25 nm, respec- mined from the site-selection measurements and are
tr,,ely, while the middle trace was taken after excita- listed in table 1. The emission transitions associated •
lion with the 488.0 nm argon ion laser line which is with ions in the a and b sites are strongly overlapped
equivalent to broadband excitation. In the latter case, and those associated with the c and d sites are strongly
the cw laser excitation was chopped at a frequency of overlapped. For the R2 lines, all four of the transi-
500 Htz which tends to suppress the stronger but lions are overlapped to the extent that it is impossi-
slower component of the R, line. The two wave- ble to accurately determine their exact peak positions.
lengths of the dye laser excitation are absorbed at dif- The strong overlap only allows for measurement of 0
ferent positions in tle R, line and the spectra were the fluorescence lifetimes of the -E levels for ions in
recorded at 200 ps after the excitation pulse. The the two sets of sites with strongly overlapped transi-
general shape of the spectral peak near 694.5 nm does tions, and their values at 12 K are also listed in table
not vary with time after the excitation pulse but peak 1. The time-resolved spectroscopy results indicate that
position of the stronger component of the R, line the only type of spectral energy transfer taking place
moves to longer wavelengths as time increases. The at low temperatures is between ions in the sites la-
exact shapes of the R lines at very short times after beled a and those in the sites labeled b. However, the
the excitation pulse were impossible to determine due strong overlap of the transitions of ions in these two
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I'. pes ot SIies makes it difficult to oblain an accurate Fig 4 Fluorescence spectra ot he IItlines of( GGG- Cr at 30) K.
tuat~~~~~~~~~~~t~~ Ai tI esrmn ttl tase rpriy A R, excited by 488 13 ni light chopped at 50)0 tiz. lB) Top
qllallialiie easremnt f tle ranferproertef. curive .R, exc:ted by a 10 ns pulke at 691 5) not. Middle curve.Utei fitirescence decay kinetics of thle two ma-ir R, t~citi by 488 0 'not light chtoppedit 5 tIli. Bottom curve-

R, liCis 01 (GG ,Cr ,at 12 K are both single 'xpo- R, esetied by a I0 ns pulse at 6Q(2.25 nrm.
tictilal with a decay time of 1.5 is. Thle secondary
peak has a, stngle-exponential decay with a fluores-
Criscc litfeumle of I 1) Ilis at the same temperakure. The1 nent with (lhe loniger decay ine is associated with
loin escemice of Cr' ii (;SG(- at low temperature is emission from ions tn tile a and b, sies while tile shott

alsoi stngle exponenttal wtth a decay time of 232 Its at component is associated with emission from ions in
all cinissin wavelengiths. The variation of the fluo- tilte c and d sites. For both samples, tile litfetimes de-
ics(C-tce lit in with temperature are shown in fig. crease as temperature is raised with thle magnitude of
S. I lie (data were obitatned after pulsed dye laser ex- decrease being significantly greater for GGG :Cr'
cttat on linto thle "T, absorption band and thle fluores- than for GSGG Cr'

cence was inmnitored in thle vilbronic emission band. [Fle fluorescence emission occurs from both thle 2E
-1 i e Ciltissioln front GSCGG Cr' *was found to be sin- and 'T, levels which are in thermal equilibrium and
gle es ponential at all temperatures, whiereas the ob- have a total quantum efficiency close to unity it room
served decay kinettcs fo r GGG :Cr' ' were temperature and below. This results in a single life-
iiimiixponentlial between 12 and 200 K and were sir- tte which is a wecighted combination of the intrinsic
gtce x titiien t al at htighier temperatures. At low tens- lifetimes of the two levels. [Tle temperature (lepen-
peratires tilte decay cuirves f-r (iGOj Cr'* can be dence of tile fluorescence lifetime canl lie associated
aptproxtitmated as the slim of two exponentials, and with two possible physical processes, a chiange in the
the topetn andI filled circlcs to tile Figure represent thle relative population of thle two levels, or a change in
I e ct ca times of the long and short componentls of' tile intrinsic lifetime of one of the two levels. For thle
the dihiile-esponcnittal curves. [Fle stronger compri- first type of process, assunming a Iloltimartin poptila-
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U51- - -r- -T This was obtained with r1 = 1.6 ms, r =40 fs, and
AE= 298 cm-'. These are listed in table 1. The value

1 obtained for AE is very close to the splitting between
, the R, line and the sharp line in the absorption spec-

0 1 trum at 697 nm. This is consistent with assigning the
-4line at 697 nrn to the zero-plionon transition to the

lowest component of the "T, level and with having
Il " the crossing point of the 2E and 'T, potential coordi-

nates occur at the bottom of the 4T 2 potential well.
0.ish--"No attempt was made to obtain a similar theoreti-

_- cal fit to the temperature dependence of the short-

" lifetime component of GGG:Cr3 * since the accu-
racy of these data was much poorer. This is because

o 20 the magnitudes of the short lifetimes were deter-
T(K) mined after subtracting the extrapolated curve asso-

2el cated with the long-lifetime component. This
procedure provides a rough estimate ofthe short-life-

1 '0 [time values but cannot be considered to he extrcnlebl
accurate.

It was not possible to obtain a good fit to the
J - ,(ISGG:Cr data using eq. (I). In this case fle ont-

E " gin of the temperature dependence of the fluorcs-
cence lifetime appears to be associated with the

, • increase in vibronic emission probability. For low-
'% 0 energy vibronic emission involving effective pho-

0 • ° nons with energy hw, this can be expressed as

r- =r-'(0) exp(kT/hw) (2)

0 100 200 300 where T(0) is the lifetime of the purely electronic
rix) transition. The solid line in fig. 5 shows the best fit of

I P, lcniperatire dependence ofthe flu.rescence decay times eq. (2) to the GSGG: Cr3 + data obtained by treating
,,t (s(;s(; ' and tB) (GG.Cr where the open and r(O) and ho as adjustable parameters. The good fit
hill cirties represent the long and short components of the dou-
ble ponentnal decays. respecively. (See text lor explanaton of was obtained with r(0) = 242 gs and 6w= 253 cm
hie leoretical lines. )

tion distribution, the measured fluorescence lifetime 3. Results of laser-induced grating measurements

is given by [] 1Four-wave mixing is an important technique for
+ T T' exp( - AE/kT) establishing and probing laser-induced gratings in

r I +exp( - IAE/kT) ) solids. These LIGs are useful in studying the dynam-
ics ofexciton migration in doped crystals [17-211 as

I tere the intrinsic lifetimes of the 1E and 4T, levels well as providing information on thermal, nonlinear
are ty and rt, respectively, k is the Boltzmann con- optical, radiationless relaxation, and excited state ab-
stant and AE is the energy separation of the two lev- sorption properties. In spectroscopic application of
els This process provides a good explanation for fhe FWM, the crossed write beams are used to create a
temperature variation of the longer component of the refractive index grating and the probe beam scatters
fluorescence lifetime of GGG:Cr + . The best fit of off this grating. The scattered signal beam carries in-
cq ' I ) to the data is shown as a solid line in fig. 5. formation about the physical properties of the mate-
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rial associated with the laser-induced grating. For 2.3 A

*characterizing the properties of ions in solids, FWM
is used to form population gratings. In this case the
write beams are tuned to resonance with an absorp-
tion transition of the dopant ions thus creating a sine 2.11

wave spatial distribution of ions in the excited state. 100
If the ions have a different polarizability in the ex-
cited state than in the ground state, this excited state ,

population distribution acts as a refractive index -,
grating. The dynamics of the transient signal decay
ate especially helpful in understanding the properties
ofencrgy migration processes which contribute to the 1.7
destruction of the grating. The variation in the LIG , ,
signal magnitude with write beam crossing angle is
useful in determining the induced changes in the
complex refractive index, and from this information 1.500 0.02 0.04 0f(6
itie dephasing time and excited state absorption cross sin2(e/2)
section can be obtained. Laser-induced grating mea- 1.6 I

surcnients were performed on Cr 3 + ions in GGG and ,o
(S(',(G crystals at temperatures ranging from about
15 ton 3)1 K and the results are described below. 1.5 '

1I / I'nit LIG decal, dt'lnantics 1.4 - &

liansieni population gratings were established and "0 0 ,
probed for C " ions in GGG and GSGG using short k 1.3 .

enough writing times to prevent optical damage toL
the materials. The 488.0 nm line of the argon laser 12
beam was for the write beams to excite the 4T, ab-
sorption band, the excited state population was built
up in the 'T. and -E levels after radiationless relaxa- 1.1 , 0.0 0.06- 0DO 0.02 0.04 0.06
tion. The decay dynamics of the scattered probe beam oIn(012)
were monitored as a function of crossing angle of the Fig. 6. Examples of the dependence of the transient LIG signal

write beams and temperature. decay rates on the crossing angle of the write beams. (A) Short

For the GGG: Cr 3 sample, the decay curves of the component of the signal obtained on GSGG :Crl' at 250 K. The

LIIG signal were found to be double exponentials for insert shows the time evolution of the LIG signal at this temper-
temperatures less than 200 K, in agreement with tile ature for 0=3.51 '. The full points are the result of subtraction of

the long-decay component extrapolated to short times. (B ) Long

double-exponential behavior of the fluorescence de- component ot the signal obtained on GGG:Cr' at 18 K. The
cay kinetics in this temperature range. The long com- insert shows the time evolution of the LIG signal at this temper-

ponents of the decay curves are dependent on the ature for O= 7.06*. The open points are the results of subtraction

crossing angle of the '%trite beams 0 and on tempera- of the long-decay component from the total signal.

ture. Examples of the results are shown in fig. 6. The
insert shows the double-exponential curve at 18 K for rate of the Cr3" ions in type a and b sites as indicated
0= 7.06' and the decay rate of the longer component by the filled circle in the figure. This is consistent with
of the signal K is plotted as a function of the crossing creating a populating grating ofCr' ions, mainly in
in the major part of the figure. At small values of 0 type a and b sites. This component accounts for more
the signal decay rate tends toward a value close to than 80% of the LIG signal at all temperatures, which
twice the measured value of the fluorescence decay is consistent with the fluorescence data.
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The second contribution to the transient LIG sig- Applying this theory to the experimental results
nal in (;GG Cr'' was found to be independent of described above for GGG:Cr" indicates that long-
the first one and is attributed to a population grating range energy migration occurs among ions in the type
of (r ions in the c and d types of sites. This grating a and b sites but not among ions in the type c and d
is responsible for the short component of the LIG sig- sites. The solid line in fig. 6 represents the best fit to
nal decay and the decay rate is approximately equal the experimental data using eq. (3). The theory pre-
to twice the short component of the fluorescence de- diets a linear dependence of K on sin 2(0/2) and, at
cay rate. This component of the LIG decay rate is in- zero crossing angle, a value of 2/z which is in agree-
dependent of the crossing angle 0. ment with the experimental data. The values of the

The decay kinetics of the LIG signals for diffusion coefficient obtained from this type of anal-
GSGG Cr' * were found to be single exponential at ysis of the data are plotted versus temperature in fig.
temperatures less than 200 K. The decay rates were 7. The small values of D result in large error bars in
independent of the crossing angle of the write beams the results, but it is obvious that the energy migration
and equal to twice the measured decay rate of the flu- decreases with increasing temperature and is negligi-
orescence in this temperature range. Above 200 K the ble above 150 K.
decay kinetics became dependent on the write beam Between 200 K and room temperature, the LIG
crossing angle 0 and above 240 K the signal decays signal decay for GGG:Cr is a single exponential
became double exponentials. The longer-decay com- and independent of 0. The decay times are measured
ponents were still found to be independent ot' 0 but to be approximately half those of the fluorescence de-
their decay rates were the same as those of the fluo-
rescence emission. The long-time part of the decay
kinetics was extrapolated to short times and sub- A

tracted from the total signal to determine the decay
rate of the short-time part of the decay kinetics. An 8

example of this procedure is shown in the insert in
E 6

fig. 6. Although this introd.4ces some degree of uncer-
0tainty in the exact values determined for the decay 4 4

rate of the short component of the signal decay, it is
clear from the example results shown in fig. 6 that 2

there is a distinct dependence of this decay rate on
the write beam crossing angle. The circle at 0=0 °  0180 220 260 300

represents twice the C.orescence decay rate mea- T(K)

sured under the same experimental conditions.
The decay rate of a laser-induced grating in the 1 5

presence of exciton migration by an incoherent hop- 0.12

ping motion can be expressed as [21 1
0K= 2/ r+32 (iE/A)lsin'(0/2) D ,(3) 0o.8- 0o

where the first term described the destruction of the o J

grating due to the fluorescence decay of the ions in 0 0.4o

the excited state with a decay time r and the second

term describes the destruction of the grating due to
the migration of the excitation energy from the ions 0.o 200

in the peak to ions in the valley region of the grating. T(K)

The latter term depends on the diffusion coefficient Fig. 7. Temperature dependence of the exciton diffusion coeffi-

of the energy migration D, and the grating spacing cient for (A) GSGG:Cr' and (B) GGG:Cr'*. in (B), D is
,J =A/2 sin(0/2 ), where A and D are the wavelength represented by full circles and the reciprocal of the full width at

and crossing angle of the write beams in the crystal. half naxirnum ofthe RI + Rblines is represented by open circles.
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cay. Thermal broadening of the spectral transitions /

* makes it impossible to distinguish between transi- T.300K

tions associated with ions in different types of site. .

These results show that no long-range spatial migra- ///

tion of energy is taking place in this temperature

range.
For (;SCG:Crl*. the lack of dependence of the / I

short-time compenent of the LIG signal decay on the 0.16K

write bean crossing angle below 200 K indicates a

lack of long-range energy migration among Cr' + ions

at low temperatures. Above 200 K energy migration

does occur and estimates for the diffusion coefficient

can be obtained by using eq. (3) to fit the data ob-

tained on the dependence of K on 0. An example of

this is shown as a solid line in fig. 6 and the results of log P(WCm')

this type of analysis provides information on the 10.

temperature dependence of the diffusion coefficient 1

as shown in fig. 7. The weak dependence of K on 0

resulls in large error bars in the estimates ofD. How-

ever, thcre is a definite increase in D between 200 K T-295K

Sand room teinperature.

3. 2. 1.(; scalirvtvg ef1/ilei' characterislics
- -15K -

1 o

The depencence of the transient LIG signal effi-

cienctes on the power of the write beams for 488.0

lint excitation are shown in fig. 8 for two tempera-

tures for both samples. The observed power depen- _-J______,,,,____

dences are different at low and high temperatures and 10 to' 1o'

neither are quadratic as expected from a simple two- P(w/CMn

level model for the atomic system (22,23]. This in- Fig. 8. Variation of the LIG scattering efficiency with the power
of the write beams at two temperatures for 0=3.5' for (A)

dicates thte importance of the presence of multiple GSGG:Cr' and (B) GGG:Cr .

* lcvels and transitions but is difficult to interpret

qtantitatively with presently available data.
-1 he variation of the LIG scattering efficiency with Aa -2D'2/D' , (4)

the crossing angle of the write beams at 488.0 nm is An=(acc/o)D'/D . (5)

shown in fig. 9 for both samples. The solid lines rep-

resent the best fits to the data using the model devel- Here the real and imaginary parts of thejth coupling

oped in detail in ref. [171. In this model, the coefficient are represented by D, and D,, respec-

equations representing lhe four coupled waves in the tively, and co is the frequency of the write beams. The

crystal are solved numerically on the computer treat- values of the coupling coeffients found from fitting

ing the coupling parameters as adjustable parame- the data can be used in eqs. (4) and (5) todetermine

ters. Using a two-level system model to describe the Aa and An. The ratio of these contributions to the

interaction of the laser beams with the crystal shows laser-induced grating can be used to obtain the de-

the complex coupling parameters to be determined phasing time of the atomic system,

• by the laser-induced changes in the absorption and T, = (2wo/c)(Ana)/(-w , ), (6)

dispersion parts of the complex refractive index

[22. 23 , where o,, is the peak frequency of the atomic tran-
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t 0 ---- , A ions and gives rise to the shorter signal decay. The
second is associated with a very long-lived laser-in-

8 duced refractive index grating. Since the probe bean

6 simultaneously interacts with both types of grating,
6 the signal decay kinetics is described by the square of
C4 the sum of the changes in the refractive index asso-

ciated with the two gratings,
2 t,= jA exp(-t/Tl)+Bexp(-t/,) 2

0 2 4 6 8 10 =,,2 exp( -2t/, )+2 AB exp( -t/r, -t/ 2 )e(deg)

5- 8 +B' exp( -2t/r 2 ) , (8)

4whereA and Bare the magnitudes of the relative con-
tributions due to the transient and long-lived grat-

3 ings, respectively, and r/2 and r./2 are their decay
* times. The ratio B/A is very small for this sample (a

'-2 -few percent) and the decay time of the transient grat-

ing is much shorter than the decay time of the long-
lived one. Thus eq. (8) reduces to approximately

0 2 4 6 8 1 12 i=A A2 exp(-2t/r,)+2,1Bexp(-t/T1 ) . (9)0tdeg)

Fig ) Variations of the LIG scattering efficiencies with the Fig. 10 shows typical signal decays after long write
(-rossing angle of the write beams at 40 K for (A) GSGG:Cr times. The contribution of the long-lived grating be-
andil ( II ) ( ( (r' '. (See text for explanation of the theoretical comes greater for longer writing times than those used

tiCS ) to characterize the properties of the transient grating.

For a given writing time and laser power, the signal
sition. The dephasing time can be written as associated with the long-lived grating was also found 0
F, '=2 T + , (7) to increase with increasing temperature between 12

and 300 K. The strength of the long-lived grating is
where y is the pure dephasing rate due to phonon dependent on the writing time in a complicated man-
scattering processes and T, represents lifetime de- ner. There is a critical writing time, of the order of a
phasing due to decay processes. The values ofAn, Aa, few minutes, when the LIG signal efficiency from the
and T, obtained in this way are listed in table I along long-lived grating reaches a maximum and begins to
with the relevant component of the coupling decrease. For the results shown in fig. 10, both write
coelficients. beams were turned off after one minute causing a

rapid decay of the transient grating followed by a slow,
3 .3 l.tg-ln.iid retraciii'e index changes oscillatory decay associated with the long-lived grat-

ing. At longer times one of the write beams was turned
fter long writing times, the LIG signal decay be- on to erase the remaining long-lived grating. The ki-

conies a double expot~ential at all temperatures for netics of the long-lived grating signal are essentially
both samples. Both components of the decay rates independent of the crossing angle of the write beams,
under this condition are independent of 0 but the long but the oscillatory decay of the signal does not permit
component has a decay rate approximately equal to an accurate estimate of the decay times.
the fluorescence decay rate while the short-compo- Exciting with the 514.5 nm line of the argon ion
nent decay rate is approximately twice that of the flu- laser which falls betweer the 4TI, and the 'T 2, ab-
orescence. These results can be interpreted in terms sorption bands enhances the relative contribution of 0
of tie presence of two types of laser-induced grating. the long-lived grating. Fig. I I shows the dependence
rihe first is due to the excited state population of Cr 3 of both components of the LIG signal on the power
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Fig. II. Dependences of the transient and long-lived contribu-

5- 5lions to the LIG scattering efficiency on the power of the write

beams for GGG:Cr' * at 40 K for 514.5 nm excitation.

-4

3- tical properties of Cr' + ions in GGG and GSGG. One
important difference between these two materials is

2 the magnitude of the crystal field splitting of the 2E
and 4T, levels. The value ofAE is 298 cm-' for GGG.

0IFor GSGG this splitling is 50± 5 cm-I which is con-
0 sistent with reported values that range from close to
0 1 t(n 2 3 0 cm- up to 50 cm- '. One major effect this has is to

ig I LI(1 signal decays at 300 K showing the decays of the change the mechanism causing the temperature de-

long-lived contributions to the signals and the effects of erasing pendence of the fluorescence lifetime. For the wide
lia singlc laser beam for (A) GSGG: Cre* and (B) GGG: Cr' * . energy gap in GGG: Cr3", the thermal effects on the

population distribution between the two levels dom-
of the write beams after writing for 2 min at 40 K for inate the temperature dependence of r. For a small
GGG:Cr"'. The scattering efficiency was measured energy gap material such as GSGG:Cr + these pop-
just before and about 12 s after both write beams were ulation distributions do not change with tempera-
turned off. The scattering efficiency of the transient ture. Instead the increase in the vibronic emission
grating exhibits a linear dependence on the laser probability with increasing temperature dominates
power whereas the scattering efficiency associated the temperature dependence oft.
with the long-lived grating has a much weaker power The energy migration observed in these samples can
dependence and saturates at relatively low power lev- be described as a random walk of an exciton caused
els. Similar results were observed for GSGG Cr' + . by ion-ion interaction [24,25]. The mechanism of

ion-ion interaction is difficult to establish because of

4. Discussion and conclusions the presence of concentration gradients of the Cr '
ions and the different types of crystal field site. By

Despite the similarity of the two garnet host crys- assuming electric dipole-dipole interaction among a
tals, there are some significant differences in the op- statistically random distribution of ions, a theoreti-
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(:il estimate fbr the diffusion coefficient can be ob- For GSGG Cr3
+ the small value of AE means that

iained foiil the expression energy migrations will occur in both the 2E and 4T,
levels. Thus the spectral overlap integral must be cal-

4 R exp( -4 7,'Vr'13) dr (10) culated from the absorption and emission spectra in-
hr'd stead of approximating it by the width of the R lines.

This was calculated to be about 9.3 A at low temper-
where r, is the decay time of the sensitizer fluores- atures. Using this in eq. (10) again predicts a value
cence and R,, is the critical interaction distance. In for D which is significantly smaller than the mea-
the Forster-Dexter theory [24,261 the critical inter- sured value. As with GGG:Cr' , this is probably due
action distance is proportional to the overlap integral to a nonuniform distribution ofCr3 + ions or stronger
between tihe emission spectrum of the sensitizer ions ion-ion interaction mechanisms such as superex-
and the absorption spectrum of the activator ions. For change. As temperature is raised the increase in vi-
energy transfer which occurs due to ions in the 2E ex- bronic emission causes an increase in the spectral
icted state of Cr' + , the overlap integral is approxi- overlap which results in an increase in D with tem-
riately inversely proportional to the linewidth perature. This is qualitatively consistent with results
(fwhm ) of the R lines, for GSGG Cr + shown in fig. 7. Thus the difference

To understand the observed energy transfer in in AE is responsible for the significant difference in
( Cri:cr ' ' , the average value of the concentration energy migration properties in GSGU:Cr 3 + and

of('r' * ions N= 1.4X 1021cm -3 and the value ofR, GGG:Cr'".
estimated by using the width of the R lines at 12 K to The values of the dephasing time T2 found from
determine the overlap intergral, 29 A, eq. (10) gives the LIG scattering efficiency results are significantly
the value of D= 2.3 x 10 - cm2/s. This value is about faster than those reported for other Cr 3l -doped crys-
an order of magnitude smaller than the experimen- tals [ 17]. However, previous measurements were
tally determined value of the diffusion coefficient at made by pumping into the 4T2 band instead of the
I I 12 K. This estimate gives a lower limit for D. A 4T, band as was done in this work. If the dephasing
higher value can be obtained for regions of high con- is dominated by radiationless relaxation processes,
centration due to a nonuniform distribution of Cr3  these results indicate the presence of faster decay
ions. Also, energy transfer may take place through ex- processes in the higher level. To develop a complete
change interaction which is more difficult to estimate understanding of dephasing processes requires com-
theoretically but will lead to a larger value of the ion- paring results obtained by pumping different transi-
ion interaction rate. tions in a series of samples of different Cr 3'-doped

Ihe temperature dependence of D and the inverse crystals with different crystal field splittings. This
of the fwhn of R, + R'" for GGG: Cr ' are compared systematic study is currently in progress.
in fig. 7. Both decrease with temperature with the dif- The value ofAa for GSGG:Cr' + determined from
fusion coefficient decreasing somewhat faster than the LIG measurements can be used to determine the ex-
inverse of the linewidths. This gives a reasonable ex- cited state absorption cross section at the wavelength
planation for the observed temperature dependence of the laser write beams. A simple rate equation anal-
of the exciton diffusion coefficient. It should be noted ysis of the optical dynamics of a two-level atomic sys-
that the assumption ofenergy migration mostly within tem can be used to obtain an estimate for the
tile E level is valid only for a wide AE material such difference in the absorption coefficient in the peak
as (;(: Cr" . It was also found that the magnitude and valley regions of the grating,

il the exciton diffusion coefficient for GGG:Cr 3' at Aa=I 0 Na (a, -a, )/(21,a -liVIT) ,

18 K decreased to 6.9x l0- cm2/s when the light
green region of the sample was excited. This indi- where 1o is the energy density of the laser pump beams
cates a concentration dependence associated with D with photon energy hv, N is the concentration of ac-
as expected. The exact quantitative dependence re- tive ions, r is the fluorescence decay time of the ex-
tuires a knowledge of the microscopic concentration cited state, and a, and a, are the ground and excited
gradient ofthe Cr ' ions. state absorption cross sections, respectively. This
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equation can be solved for o'a and the measured val- ness of LIG spectrocopy in characterizing the prop-
ties of the parameters used to calculate the excited erties of solid state laser materials. This technique
state alisoi)ti .itn cross section. Doing tis gives a value provides information about the properties of energy
ofl 2. I x I0 ." , cn, which is consistent with the value migration, radiationless decay processes, excited state
found (271 from excited state absorption measure- absorption, and optically induced color centers.
nients on GSGG:Cr' '.No direct measurements of However, the results are quite complicated and there
the excited state absorption spectrum ofGGG:Cr3 +  are still a number of details concerning these pro-

• have been reported, and thus a similar comparison cesses which require further study. It is especially im-
cannot be made with the LIG results obtained on this portant to compare the results of LIG measurements
sample. with those obtained by other techniques to verify

There is additional evidence for the effects of ex- some of the proposed interpretations. Also a system-
cited state absorption in the results obtained for the atic study ofdifferent types of Cr'+-doped materials
i?% er dependence of the LIG scattering efficiency. is needed.

The deviation from a simple quadratic dependence
* can be attributed to the fact that at the two laser

wavelengths used, the excited state absorption cross
sections are greater than the ground state cross sec- Acknowledgement
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The characteristics of the four-wave-mixing signal of Cr 3 + ions were measured for host crystals of
GdJSc2GajOI 2, Gd3Ga50 1 2, (Gd,Ca),(Ga,Mg,Zr)2GaO1 2, and I.a3Lu 26a 30 12. Signal strengths and
decay times were measured as functions of laser-beam crossing angles and temperature. The results
are used to determine the properties of radiationless decay and energy-transfer processes in these
samples. By comparing the characteristics of the 4T2- 2E radiationless relaxation process among
these and previously investigated Cr3*-doped laser crystals, it is shown that the ratio of the
intersystem-crossing relaxation rate to the internal conversion relaxation rate decreases as the
strength of the crystal field of the host material decreases. The properties of energy migration
among the Cr3' ions in the different host materials is found to depend on the average separation of
!he ('r3+ ions, the strength of the crystal field, and the electron-phonon interactions.

I. INTRODUCTION and significant inhomogeneous broadening of the optical
transitions. The sample used in this study, provided by
the Chrismatec company in France, was 4X4X5 mm 3

The use of garnet crystals such as Gd 3Ga5 O1 2 (GGG) with a concentration of 5.4X 1019 Crt ions/cm3 . The
and Gd 3Sc 2Ga 3O) 2 (GSGG) doped with Cr3+ and/or GSGG and GGG samples were 5.5- and 1.5-mm thick
Nd 3 t as laser materials has stimulated an interest in the with Cr 3  concentrations of 1.4 X 1020 and I X 1020 cm- 3 ,
study of the physical properties of these and similar gar- respectively. The LLGG sample was approximately
nets. A good deal of research has been directed towards 20X 10X4 mm 3, with the large fiat surfaces perpendicu-
the study of material characteristics essential to las- lar to the [111] direction, and a concentration of
ing.1 - 9 These characteristics can be altered by changing 5.0X 1019 Cr 3 - ions/cm3.
the material's composition. This can be accomplished by Figures 1 and 2 show the room-temperature absorption

0 studying other garnets such as La 2Lu 3Ga 3O1 2 (LLGG) or and emission spectra of the GGGM and LLGG samples.
by additional doping of optically inert ions. One attempt The absorption spectra, taken by an IBM 9430 uv-visible
at the latter approach is substituting Ca 2 t, Mg 2 , and spectrometer, are dominated by two strong absorption
Zr 3 ' ions for some of the Gd 3+ , and Ga3 + ions in GGG bands, centered at 460 and 640 nm in GGGM and 485

to give a mixed garnet structure designated GGGM.8'10  and 685 nm in LLGG. In both samples, the higher-

An understanding of how the crystal structure affects the energy band is due to the 4 A2-
4T1 absorption transition

dephasing and energy-transfer characteristics of the opti-
cally active ions is therefore essential. To this end, four-
wave-mixing (FWM) speItroscopy is a useful tool. Previ-
ous studies of the spectroscopic properties as well as pre-
liminary FWM results on GGG, GSGG, and GGGM 1.5 1.0,
have been reported. 9' 11 This paper extends the previous
work by using FWM to study energy migration and opti- 1.2- 0.oa
cal dephasing of Cr 3 t ions by pumping into the 4T2 band N-

in GGGM, GGG, and GSGG, and by pumping into the E 0.9 C06 CL

'T, band in LLGG. The results are compared to those /.
obtained previously on Cr 3 t ions in oth,,r laser crystals. 0.6 .,0

As reported in Ref. 10, the substitution of Zr 3 , Ca , 0,

and Mg + ions for Ga + and Gd 3+ ions in GGG results 0.3
in a relatively high segregation coefficient of 2.8 and a 0 .

larger lattice constant of 12.4942 A. This produces a 400 500 600 700 800 900
lower crystal field at the site of the dopant ion which is .(nm)
intermediate between the crystal-field values for GGG
and GSGG. In addition, there are several nonequivalent FIG. I. Room-temperature absorption (solid line) and emis-
sites for the Cr'+ ions which causes spectral structure sion spectrum (dotted line) ofCr"' -doped GGGM.

42 3818 n)1990 The American Physical Society
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1.0 peak of the 4T, band, the fluorescence intensity resulting
from excitation at 685 nm is slightly less than the fluores-

0.8 0 cence from 490 nm excitation. This implies that some
7 3 sort of fluoresence quenching occurs for excitation into

"1"4- tile 4

0.6 0.6 the bT hand. It is conceivable that a center other than
,- the Cr is being excited. However, analysis of the 4r 2

0.4 " fluoresence shows an emission peak and lifetime con-
051 (5f\ sistent with excitation of Cr' which implies that the ad-

4 0.2 t-. ditional center must be nonfluorescing. We are unable to
conclusively explain these results at the present time, al-

5 . -A , 0--- .though it appears that fluoresence quenching of tie 4T 2
' , 570 770 970 1170 band may be the reason why no laser-induced grating is(nm) observed when exciting into this level, as discussed in tie

following.

I I, 2 Al'lnolfi (solid lit~e) and emission spectrum (dot- It. RESUITS FOR
lcd id f(', dotped LG(i at 12 K. FOUR-WAVE-MIXING SPECTROSCOPY

FWM is an effective method for studying long-range
energy migration and optical dephasing phenomenon

Mid It lhwer-energy band results from fhe 4A2-4T2 tran- among dopant ions in solids. 12-14 Earlier papers9' 12 .14

,ili. 1 lie sharp, relatively weak, spin forbidden trausi- describe in detail the procedure for using FWM tech-
tuls i i the '.I , ground state to the 2E, 2T 1, and 2T2  niques as a spectroscopic tool. Figure 3 shows tie experi-

sillt's are tiverllapped by lite broad bands. The transition mcntal setup used in these experiments. Emission from a
'is clenlits interfere destructively on one side of tile Spectra Physics argon ion laser or argon ion laser-

sh;irp Ira silion resonance and constructively on tle ot- pumped ring dye laser was passed through a chopper
er. lhiis resiits in (lie absorption spectra having a (CII) and dividcd into two beams of equal intensities us-
cliaracteristic alitresonantl line shape, or Fano resonance, ing a 50:50 beam splitter (BS). These two noncollinear
in the vicinity of the overlap. For GGGM, the dips in laser beams (called the write beams) are then focused
the lineshape oti the low-energy side of the 4 T, and '4T, onto the sample using the appropriate mirrors M I , Al,
bands are due to overlap with tie sharp 2T2 and T, tran- and M3. Tht path length is adjusted so that the two
sllions. The zero phonon liue due to the 4A2-2E absorp- write beams cross inside the sample creating a sinusoidal
lion is located at 695 tim. For LLGG, the lower crystal- interference pattern. Since the energy of the laser pho-
field results in tile 'T, and 4T, bands shifting towards tons is resonant with the energy of an electronic transi-
lower energy. The antiresonances due to 'T, and '2 tion of the Cr 3+ ions, an excited-state population grating
therefore appear on the high-energy side of the two broad is created having the same spatial pattern. This popula-
absorption bands. The prominent antiresonance near the tion grating produces a sinusoidal variation in thre refrac-
peak of the 4 "/2 band is due to the4 A2-E transition. The tive index due to tle difference in the polarizability of
other sharp lines in the spectrum correspond to the tran- Cr 3 - ions in the excited state versus the ground state. A
sitions of Nd' , which is art unwanted impurity, very low power tle-Ne laser beam nearly counterpro-

The emission spectrum was excited by a nitrogen
laser-pumped dye laser, analyzed with a I-in spectrome-
ter, and detected by an RCA C31034 photomultiplier c0
tube for the GGGM and an RCA 7102 for the LLGG. g - ,
Tie fluorescence for bot)t samples is characterized by a /as
very broad, Stokes shifted emission which is the result of , o- . ...
the low crystal field causing the 'T 2 energy level to be M"

lowered; in the case of LLGG, 4T, is 1000 cm-I lower
than :E as measured from minima to minima on the
configuration coordinate diagram. For GGGM, the 2
T, .1, elissi(n is centered at 750 im with the 2'E-"' A..2.t....

I ransitioi manifesting itself as a shoulder at 695 nm. For
.I6(G, the iuorescence is centered at 820 nm with the P =

sharp dips arid peaks due to Nd 3 impurities. For excita- 3

ton at both 490 arid 685 nm, the fluorescence decay of .- go, o
•  1

LLGG was single exponential, with tile corresponding 0
lifetime ranging from 120 Its at II K to 70 is at room
temperature. This is consistent with tile fluorescence be-
ing dominated by emission from the 'T 2 level rather than FIG. 3. Experintental setup for four wave mixing. CII-
the long-lived metastable 2E level. Although the absorp- chopper DIS-beam splilter and M-mirror. For excitation
tion at file peak of the 4,r band is about twice that at the into the 47"1 handi, the ring (lye laser is removed front the seltip.
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pagating to one of the write beams is scattered off this I
grating. When the Bragg condition is satisfied, the - C'- doped Gd-Ga-O (mixed)
diffracted beam is nearly counterpropagating to the X :514.5 nm 0
second write beam. This laser-induced grating (LIG) sig- 9 : 3.6
nal is then directed to an RCA C31034 photomultiplier T 300 K
tube IPMT) using mirror M4 . The output of the PMT is 3
taken into an EG&G Princeton Applied Research model
4202 signal averager (averager) and then to an IBM XT ._ ••
personal computer where the digital data is stored. The C
trigger to the averager was provided by the chopper and . 2
pulse generator assembly. The sample was kept in a cry-
ostat and the temperature was controlled using a CTI
Cryogenics closed-cycle helium refrigerator and a Lake
Shore Cryotronics model 805 temperature controller. 1
The temperature measurements were accurate to better
than 0.5 K.

The LIG signal carries all of the information about the
physical processes influencing the population grating. 0
Gratings were created by laser pumping into the 4T, 0 05 1.0 1.5
band using an argon ion laser and pumping the 4T 2 band power(w)
using an argon ion laser pumped dye laser. In both cases
the population grating is observed after radiationless re- FIG. 5. Scattering efliciency as a function of laser beam

Afaxation processes establish an equilibrium population in power tor excitation into the 'T, band of Crj' -doped (GiIM.
the 2E and 4 T, levels.

Figure 4 shows the intensity of the signal beam at room
temperature for GGGM with 514.5 nm pumping. When
both write beams are turned off at t =0, the signal de- signals were observed in the GGG and GSGG samples"
creases by a significant amount with a decay time of the but no long-lived grating component was observed for the
order of tie Cr1 ' fluorescence lifetime indicating that the LLGG sample. The characteristics of the signal beam as-
major contribution to the signal is associated with the sociated with the population grating are discussed ill tlie
Cr 3 

'- population grating. The presence of a small residu- following.
al signal indicates the presence of a long-lived grating, The scattering efficiency for GGGM is plotted as a
which is due to other physical processes such as charge function of write beam power in Fig. 5. It was fCound to
relocation or the creation of color centers. To erase this vary quadratically for low values of power, saturaic for
long-lived grating, a single "erase beam" was turned on intermediate powers and then rise again for higher
*l i =4 main. Similar long-lived components to the LIG powers. The saturation occurs at power levels where the

rate of pumping ions into the metastable state is equal to
the fluoresence decay rate of the metastable state. The
quadratic dependence and saturation level are consistent
with the predicted behavior for this type of population
grating. 14 The behavior at higher laser power indicates

1 the onset of additional nonlinear optical processes. In or-
der to ensure the validity of the results in the following
sections, the write beam powers were kept low enough
that the system was well below saturation.

C.-A. Energy transfer

O5 The decays of the LIG signal in GGGM were recorded
at temperatures between 18 K and room temperature for
both 514.5 and 581 nm excitation at various crossing an-
gles of the write beams. The decay of the transient signal
is shortened by energy migration from the peak to the
valley region of the grating. As the crossing angle of the
write beams is increased, the grating spacing is decreased
and the effects of energy transfer are enhanced. The grat-

0 1 2 3 4 ing spacing A is given by
time(min)

A=k/[2sin(O/2)] , (I)
FIG. 4 LIG signal decay after the write beams are turned off where 0 is the write beam crossing angle. The crossing

at ( =m0 m, and after an erase beam is turned on at t =4 mi. angles used here ranged Item about 2* to about 22* giving
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05 basic assumptions used in the development of this model
105'are consistent with the conditions of our experiments.
04 Cr 3 +doped Gd-Ga-O (mixed) According to this theory, exponential decays of the nor-

malized transient grating signal in the presence of exciton
- 3 migration can be described by

I0 l,(t)=exp(-2t [(1/r/+a)2 +b 2]t/ 2 -aI) . (2)

Here r/ is the fluorescence lifetime, a is the excitoi

10 scattering rate, and b is defined as,
10 b =4V sin[ 2ira/A ) sir(0/2)] ,

1 --
O 2 10 15 20 where V is the nearest-neighbor ion-ion interactioni rate,

Time(?usec) and a is the average distance between active ions. The

exciton dynamics can be characterized by these paramne-
ters in terms of the diffusion coefficient D, the diffusion

It(;. o. rransicnt IIG signal decay at 18 K for Cr3'-doped length Ld, the mean free path L,,, and the number of
G("(IM tmllig 514.5 nni excilaioln. Total signal is shown to he sites visited between successive scattering events Vs.
Collipi i'.ed of imo i sitge Cxpoclitiiias. These parameters are given by

D -2 V~a'/az 14)

a grating spacing ianging fron about 1.4 /m to about 16
1in for the two wavelengths used. L, =(2Dr )1' . S

Figure 0 shiws an example of the decay of tlie tran- L= 2)", i . ra /i
sieni L k i iuilai in, GG (i The decay is a double ex-
ponential whitch is consistent with the presence of two V, =L,,, , I7)

crystal-field sites for Cr3 ions in the sample."' The de-
cay times of the two components were found to have the respectively. Table I shows the energy migration param-
same temperature and crossing angle dependences, there- eters for Cr in GGGM determined in these experi-
fore we show the analysis only for the short component. ments.

Figure 7 shows an example of the signal decay rate in ht Fig. 8, the exciton diffusion coefcient D is plotted
GGGM as a function of sin 2(0/2) for a given tempera- as a function of temperature. The data can be fit by an

tuire. From the slope of the curve, we can calculate the expression of the form
exciton diffusion coefficient D for that temperature as de- D = A +(B/vT ) , 8)
scribed in the following. The temperature was varied
from 18 to 3)0 K but no energy migration was observed which is consistent with phionon scatteriing limiting the
for teniperatures exceeding 150 K. mean free path of the exciton migration."'

To oblain detailed information about the ion-ion in- Figure 9 shows the temperature dependences of the

teraction rate artd exciton-phonon scattering rate, we ion-ion interaction rate and the exciton-phonon scatter-

have uscd the theory developed by Kenkre et al.13 The trg rate for GGGNI. The ion-ion interaction rate is in-
dependent of the temperature while the exciton-plionon
scattering rate increases linearly with temperature. This

15- 4.0 ,w -514.5 nm

*A =590 nm

0Z 3.0

, to- 0

, 2.0

5 ' 1.0

5 10 15 20 .0" 0 0
sln'(0/2) 0 0.5 1.0 1.5 20 2.5 3.0

1/IT (0.1 K 1/2)

FIG 7 I2WNI signal decay rate as a function of sin 2(0/2) for
Cr '-dopcd (; M. The point at 0 = 0 is twice the measured FIG. S. Variation of (lie exci(on diffusion coetficient D %iutt
Illtiirc. t cc itccav ra te respect to the temperature for Cr' -doped GGIM .

0I
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TABJLE 1. Energy migration parameters for Cr 3 *-doped GOGNI.

'n K) ai) 1' sec'1) V( t0' sec-') D(10-5 cm2/sec) L.,(jim) Ld (IM)

18 1.160 4.186 6.41 0.74 15.81
S30 1.303 4.206 5.76 0.65 15.18

40 1.968 3 760 3.05 0.39 11.05
50 3.493 4.190 2.14 0.25 9.25
70 5.024 3.830 1.24 0.15 6.86
90 7 159 4.085 0.99 0.12 6.29

110 10,350 3.980 0.65 008 4.84
*150 11,210 4.060 0.31 0.07 3.34

increase is associated with thle additional phonons avail- four coupled differential equations. These equations have
able at higher temperatures. been solved numerically treating the real and imaginary

Similar Studies on LLGG revealed that when exciting parts of the coupling parameters D, and D2 as adjustable
[fthe 'TI band at 488 nm, the transient grating decay rate parameters defined below:
was independent of the angle between the write beams at
all sample temperatures between 25 and 220 K. This is DI = D' + iD, = 21rlL(K-'7) (9)
consistent wvithI no long-range energy migration occurring D,=D' ±iD2 = riiAK. (10)
in tis material. No FWNI signal could be observed when2
exciting t he 'T 2 band at 660 nm. where it is lie permeability of (lie material, is ani

* effective susceptibility, L is the dlistanice of' the overlap re-
B1. Optical dephasing measurements gion, K is a parameter related to the complex index of re-

fraction, and AK I iste laserF induced niodulationi of K.
The laser beams in a FWM experiment drive the sys- This can be separated into a modulation An of the refrac.

em of ions coherently and tie time it takes the system of live indltx and Aa of the absorption coefficient. These pa-
ois to lose phase coherence affects the strength of the rameters are related to the adjustable coupling paranir-

FWM signal. Depliasing canl occur when the ions in ters D,, DI KD n ,asflos
* t~eract withI the phionons of tlie system or with othier ion 2 )asflos

iii the ensemble or when decay to another energy level Aar= - 2N D ID',ll
occurs. The model used to describe thie effect of dephas- A d ()WII(2
iiig oil the FWIM signal was developed in Refs. 16, 17, An (c/)I/D , )
aid IS and extended for our experimental condit ions iii where (.) is lie frequency ot the laser line, i7 is t[lie a ci age
Refs. 12 and 14. The main assumption of this model is asrto oliin ttewiebaiwvlnt n
[lie aipproxinmat ion of thle etnsemible of ioiis as a two-level is thie speed of' light . The dcplicsiiig tlime, V, is givcii by
)ystem.

The miodel describes anl ensemble of two-level systems T2=(2(o/c )(An /A~a )( - wj ) (13)
and ilieir Interaction with ilie four laser beamis through where (,, is [lhe resonant transition frequency.

The set of coupled differential equiatioiis canl be solved
for special cases. 12 To see the effect of the crossiiig angle
onl the scattering efficiency, we consider one special case
where,

12 6 (D2 )' +-D W('+ D, )
2 >0 (14)

and

140

D, -fDl-A 15
Q, -2 )2 IS

0 The ~ ~ [( D' ) +( D' 2 -( D , ]i

4 2 Thescattering efficiency is then given by

2

10i~r[ D sil2 1(D 2 ](D 2 ((DI 2.(I, ~
*0 50 100 150

T (K) X(ln[taidO/4)J (I 16)

FIGi 9 V,iriion of [iet ecCiionlitonori sccutting rate (a The crossiiig aiigle 0 in the precediiig expression is dii ccl-
andti ou-in inieraction rate V' as functions of temperature Ior ly connected with thle overlap o~f t[lie laser beamis wcvmh inl
Cr' -doped GGGNM. turn determines the modulat ion of thle coiiple x inidex of
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-- -- 7 1

1.0 r\Cr 3 *-doped Gd-Ga-O (mixed) 15- Cr 3*-doped Gd-Ga-O (mixed)
514.5 nm Xexc* 590nmn

0.8 T=1OK =12 4 45 K

o Expt. .~0 Expt.
S~ 0.6 - Theory --Theory

.2

0 

6

crsin nge (dg2 4. 6 0 8. 100
crocrossin angle (do)eg)O

Fit (to I U; qcat erilig efficienicy as a function of crossing FIG. 11. LIG scattering efficiency as a function of crossing

anigle (d the % ite heanis for excitation into die 'T, band of angle of (lie write beams for excitation into (lie AT h and of
Cr' &,pcd (iii.Cr 3 -doped GGGM.

refraction and the absorption coefficient. The coefficients of GGGMI. Solid circles represent the experimiental data
in t he expression for 71 are Fountd numerically, points whereas the solid line denotes the thleoret icalI fit.

[in Fig. I1) the scattering efficiency is plotted as a func- The good agreement between thteory and experimient
tion of lie crossing angle for excitation :ito the 4 T, band shows that for write beam powers well below saturatboni,

TAJJI-E JJ. Parameters for thie best fit to the scattering efficiency vs crossing angle plot and the de-
phasing time T, for Cr 3 

+'-doped laser materials. NA iiidicates thiat the data is not available.

MIateriat T,
aiid transition DDD;, psi

Alexandrite (Ref. 12) 0.006 0.015 0. 135 0.000)02 go ± 5
inversion)

4T2
Ruby (Ref.12) NA NA NA NA 4.5 t3
A7.2

Alexandrite (Ref. 12) NA NA NA NA 2.2± 4
fmirror)

Alexandrite (Ref. 141 0.250 0.t50 0.350 0.0015 55.3
(niirror)

Fitierald (Ref. 291 S.OX to0 4.0X 10-' 2.0X 10-' 8. OX 0- 1.2

G33 G.205 020 0.230 0.0007 1.35 ±0.5

GGiG iRef. 91 0.2-0.45 0.09-0.2 0.27-t).31 0.01 -0.05 0.008 -0.033
ATJ

fiStiG 0.21It 0.18 0.240) 0.001 0.77 ±0.5

i;St it Ref. 9i 0. 30 0.30 0.31 0.1)1 0.0)33

W404IN 0.92 0.01 0.10X) 0.05 0.0028±0.0005

0(ii 02(X00 (0.22 0.235 0. 001 0.92±0.5

0.f t14(00 0.280 0.303 0.01I5 0.74±0.5
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1.0 C -doped Gd-Ga-o 1. 0 Cr - doped La-Lu-Ga-O
59nmX0eI590nm Xexc 488nm

0.8 - T w 10K "" T\T -18K

C e Expt. C - Expt.
0.6 - Theory 

- Theory
-uu 11 TT

C,.- T0,4 ""

0.2-,

0 00o -0 1

0 2 4 6 8 10 12 2 4 6 a 10

crossing angle (deg) crossing angle (deg)

FIG. 12. Scattering efficiency as a function of crossing angle FIG. 14. LIG scattering efficiency as a function of crossing
for the excitation into 4T2 band of Cr3* ions in Cr 3 -doped angle of the write beams for excitation into the 4T, band of
GGG. Cr 3 *-doped LLGG.

the two-level system gives a reasonable description of the where T, is the relaxation time of the excited level and
* results. The values of the parameters used to obtain the T PD is the time associated with the scattering mecha-

best fit along with the calculated dephasing times 'or nisms.
different materials used in this survey are given in Table For excitation into the 4T 2 band, the dephasitig is dom-
II. inated by the time an ion takes to relax to the metastable

Figures 11-14 give the experimental data and theoreti- 2E level. This relaxation can follow two possible paths as
cal fits for the scattering efficiencies as a function of the described by the model proposed by Gilliland et al.14

write beam crossing angle for the excitation into the 4T, Figure 15 (adopted from Ref. 14) shows the energy-level
band of GGGM, GGG, GSGG, and the "T, band of parabolas for CrJ# ions. The laser excites an ion into an
LLGG, respectively. The values of the parameters used excited vibrational level of the 4T 2 band at point A. It
to obtain the best fit and the corresponding dephasing
time are given in Table II.

The expression for the dephasing time T 2 is given by' 8

-- _= 1 IT 2 = IT + 1/T e a  ( 7) 42

2

Cr 3 - doped Gd-Sc-Ga-O

exco 590 nm C 2 E
- 0.8 

T =10 K

• •Expt. 4u

S0.6 - Theory

4 04

0.2

0 0
0 3 6 9 12 q (arb. units)

crossing angle (deg)
FIG. 15. Model used to analyze the dynamics of the ioiiradi-

HIG. 13 LIG scattering etticiency as a function of crossing ative decay from the 'T, level to the 2E level of Cr" ions in
angle of the write beams ror excitation into the 'T2 band of Alexandrite. The solid vertical line represents oplical absorp-
Cr' -doped GSGG. tion tadopted from Ref. 141.



0

42 FOUR-WAVE-MIXING SPECTROSCOPY OF Cr-DOPED GARNET ... 3825

I I 5 z I

30- 5
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220- ;"~
3
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C,,,

01 100 I I 0

0 1000 2000 3000 4000
SEpp(cm 'l) 1 -

FIG. 16. l-dephasing time and the ratio K.,. (ISC)/K,,(IC)
as a fir.ict io of AE , (tie energy difference between the peak of
tie 'I, hand ard tie peak of the 2E band in the absorption o 10 20 30
specirum of Cr' -doped laser materials). K(ISC)/K(IC)

can then relax within the 4T 2 band following the path FIG. 17. Dephasing time (T2 ) as a function of the ratio
through point B (where the two parabolas cross). The ex- K(ISC)/K(IC).
citation then crosses over to the 2E state and emits pho-
nons until it reaches the bottom of the 2E potential well.
This process is called internal conversion (IC) and the matrix elements are calculated using a single effective
corresponding nonradiative rate is denoted by Knr (IC). phonon frequency and Morse potential wave functions to
Alternatively, the excited ion can relax by immediately account for anharmonicity.20 - 27 The multielectron re-
crossing over to the 2E band at point B' and then emit- duced matrix elements involved here are expressed in
ting phonons to reach the bottom of the potential well. terms of the single-electron reduced matrix elements
This process is called intersystem crossing (ISC) and the which have already been tabulated by Sugano et a/12

corresponding nonradiative rate is denoted by Knr (ISC). Due to the difficulties involved in calculating the exact
As noted in Ref. 14, after tihe first step is taken, the entire electronic wave functions needed for the evaluation of the
path for the dephasing is determined. The dephasing single-electron matrix elements, only the ratio of the two
time T, is directly affected by whether IC or ISC path is rates K,,(ISC)/K,, (IC) is considered.
the preferred channel for the nonradiative relaxation. Calculations were performed for the Cr-doped laser
Since the details of this process are described in Ref. 14, materials ruby, alexandrite, emerald, GGG, GGGM, and
we will only mention the important points. GSGG, which have been investigated by FWM spectros-

The nonradiative decay rates are calculated using stan- copy. The results can be used to determine the relation-
dard perturbation theory techniques.' 9 Tire vibrational ship between the dephasing process and the energy

lABLE Ill. Results of dephasing time measurements on Cr3 '-doped laser materials for pumping
into the 'Tz band.

AEp, Aa An

Material (cm - I) Kn,(ISC)/K,,,(IC) (cm - 1) (10-1)

Alexandrite (Ref. 12) 5500 0.001 1 2.52
Inversion)

Ruby (Ref. 12) 3850 31 0.00106 8.16

Alexandrite (Ref. 12) 1950 13 0.0019 1.83

(Mirror)

Emerald (Ref. 29) 1800 4.0 0.22 13

GGG 1650 2.6 0.0093 1.44

GGGM 1250 2.3 0.003 5 0.38

GSGG 1150 2.2 0.003 I 0.35
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difference between the peak of the 4T 2 band and the peak Detailed information on ion-ion interaction rates and
of the 2E band in the absorption spectrum denoted by exciton-phonon scattering rates was not available from

AE .P*Nonradiative decay rates were calculated for the the previous results reported for GGG and GSGG.

two possible dephasing paths and results of the calcula- Table IV summarizes the results for GGG, GSGG,

tions are given in Table 1Il. GGGM, LLGG, emerald, ruby, and inversion and mirror

It is interesting to note that for all the materials con- site ions in alexandrite. The characteristics of energy

sidered, the ratio Knr(ISC)/Knr(IC) is greater than 1. transfer vary significantly from host to host depending on

This generalizes the conclusion drawn in Ref. 14 that in parameters such as the dstance between the Cr 3  ions,

Cr-doped laser materials, after pumping into the 4T2 ev- the lifetime of the metastable state, the spectral overlap

el, the dominant relaxation path for the excitation is ISC between absorption and emission, and the electron-

and not IC. phonon interactions. The variation of each of these pa-

In Fig. 16 the ratio K,,(ISC)/K,,,(IC) and the dephas- rameters from host to host makes it difficult to establish a

ing time are plotted as a function of the energy splitting simple trend for energy transfer in Cr3 i-doped crystals.

AEDP. The two quantities have the same dependence on One critical parameter in a diffusion or random walk

AEPP. To further demonstrate this relationship, the de- picture of energy migration is the spacing between the

phasing time T 2 is plotted as a function of the ratio sites of the lattice on which the random walk is occur-

Kn (ISC)/Knr(C) in Fig. 17 and the result is a straight ring, designated as a. In this case a is the average separa-

line. tion between Cr 3' ions. This appears explicitly in the ex-
pression for both the ion-ion interaction rate V and the
diffusion coefficient D. This separation is affected by the

Ill. DISCUSSION AND CONCLUSIONS Cr 3+ concentration in the sample, the host lattice spac-
ings, and the distribution properties of the Cr 3 , ions in

Investigations of long-range energy migration have the host. For mirror sites in alexandrite crystals, it is
been carried out on several difterent Cr 3 '--doped laser well known that the Cr 3 ions are not distributed ran-
crystals. No long-range energy migration was observed domly and the value of a used in Table IV was estimated
in ruby, the inversion site ions in alexandrite, or LLGG. from previous measurements on this sample.12,14 lor tle

TABLE IV Energy migration parameters for Cr3'-doped laser crystals. NA indicates that the data is not available.

Material
and Dq A E D V a T a N La

tranlition (cm ') (cm ) (10- 8 cm2/sec) (105 see-') (103 see ) (K) (A) (1018 cm 'I IO it)

Alexandrite 2200 6400 0 NA NA ALL 41 2.5 NA
(inversion)
AT,

(Refs. 12,14,31)

Ruby 1820 2300 0 NA NA ALL 59- 108 79-490 3

(Ref. 35)
Alexandrite 1680 800 3 12 200 25 27 8.9 12
(mirror)
2E

(Refs. 14,31)
Emerald 1620 400 28 1.9 2.6 12 10 177 31
4 Tl

(Refs 29,34,35)

GGG 1597 298 1 NA NA 18 NA 141) NA

IRefs. 4,9)

GGGM 1567 100 6410 42 12 18 15 54 16
(Ref. 10)

OSGG 1565 50 10 NA NA 230 NA NA NA

(Refs. 4,91

tLGG 1480 -1000 0 NA NA ALL 15 50 NA

AT
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other samples, the values listed for a are tile average write beams with the model proposed by Gilliland et al.14

Cr3 + separations assuming a uniform distribution of ions. for the dephasing mechanism in Cr-doped materials, we
This of course is a rough approximation to the true situa- conclude that internal conversion is the dominant relaxa-
tion of randomly distributed impurity ions. Note that for tion path when the chromium ions are excited to the 4T,
the two high crystal-field cases of ruby and alexandrite level. This is due to the fast relaxation of the excitation
inversion sites, the values of a are extremely large. This to the bottom of the 4T, configuration potential well.
results in a very small value for V and thus explains the The information on optical dephasing obtained from
lack of long-range energy migration in these cases. FWM measurements pumping into the 4T 2 level shows

The samples in Table IV are listed in order of decreas- that radiationless relaxation to the 2E level through inter-
ilig crystal field. As the crystal field decreases, the popu- system crossing is the dominant dephasing process in
lation distribution of the excited state of the Cr 3+ ions these Cr 3+-doped laser crystals. The relative importance
changes from being primarily in tie 2E level to being pri- of dephasing through internal conversion within the 4 T 2
marily in the 'T2 level. The latter level has a shorter life- level becomes more important as the crystal field of the
time and larger Stokes shift compared to the former level, host decreases.
The lifetime decrease results in an increase in V while the The analysis for determining the dephasing time,
increased Stokes shift decreases the spectral overlap in- change in refractive index (An), and the change in absorp-
tegral thus decreasing the number density of ions, N and tion coefficient (Aa) assumes an effective two-level system
V. The value of the ion-ion interaction rate decreases by model. The use of this model, despite its simplicity, has
an order of magnitude between alexandrite (M) and em- been justified on the basis of its ability to predict values of
erald and then increases by an order of magnitude be- Aa which are consistent with values determined indepen-
tween emerald and GGG. The fluorescence lifetime is dently by ground and excited-state absorption measure-
not significantly different for alexandrite (W and emerald ments. Such checks have been done when values of the
samples so the observed decrease in V is associated with excited-state absorption cross section o-f are avail-
the decreased spectral overlap. The increase in the case able, such as for alexandrite, u ruby,32 GSGG,33 and eri-
of GGGM may, however, be associated with the smaller erald.34 ,35

fluorescence lifetime in this sample. The increased values Recently, the results of FWM measurements oil
of D for these three samples is associated with the de- Nd 3+-doped materials has been analyzed using a model
creased values of a as well as changes in the number den- based on an effective four-level system. 3 , In this model,
sity of ions, N. The value of V was found to be essentially the laser beams interact with ions both in the ground
independent of temperature at low temperatures for alex- state and metastable state. The transitions from the
andrite mirror sites and the GGGM sample indicating ground and metastable states to higher-energy states is
that a and N do not vary with T in this range. However, accounted for by combining the upper states into two
in emerald V was found to increase with temperature be- effective states. A density matrix formalism yields the
cause N increases.2' The temperature dependence of V change in the real and imaginary parts of the nonlinear
was not determined for the other samples. susceptibility between ions in the peak and valley of a

The values of the scattering rate a which limits the population grating. By measuring the absolute magni-
mean free path of the migrating energy varies from alex- tude of the FWM signal in a variety of samples, it was
andrite (M) to GGGM and is found to increase with tem- concluded that the dominant contribution to the signal
perature. Since the details of the exciton-phonon cou- comes from the real part of the nonlinear susceptibility
piing are not known, it is not possible to predict the associated with the off resonant, allowed transitions to
sample-to-sample variation in a. the levels of different configuration in the ultraviolet

From the discussion above, it is possible to understand spectral region. The relative values of An and Aa ob-
the observed differences in the energy diffusion coefficient tained in this work are consistent with the proposed mod-
D from sample to sample. The values of D increase with el. In this case the weak contribution to the signal associ-
increasing ion-ion interaction rate and decrease with in- ated with the imaginary part of the nonlinear susceptibili-
creasing excitation scattering rate. The diffusion ty comes from the resonant interaction with the pump
coefficient increases with temperature in emerald where V transition. Recognizing the contributions due to these
is phonon assisted but decreases with temperature for two different types of transitions, the expressions for An
alexandrite mirror sites and GGGM where V is constant and Aa will be the same for the two-level and four-level
and a increases with temperature. Recently Kaplyanskii modes.
has combined the techniques of site-electron spectrosco- It is important to note that the procedure for using the
py and Stark shifting of spectral lines to distinguish be- two-level system fit to the crossing angle dependence of
tween resonant and nonresonant energy transfer between the FWM scattering efficiency to find the dephasing time
Cr3 + ions at low temperature.30 He observed "anoma- should be approached with caution. This approach has
lously fast and effective" resonant energy transfer among been justified on the basis that values found for Aa are in
the CrJ + ions in mirror sites in alexandrite crystals but good agreement with those values found independently
not in ruby crystals. His results are consistent with the from excited-state absorption measurements. Equation
results of FWM studies of energy migration in these sam- (II) shows how Aa depends on the fitting parameter D 2;

ples. however, the computer fit to the crossing angle depen-
Comparing the results obtained on the dependence of dence of the FWM scattering efficiency can be relatively

the FWM signal magnitude of the crossing angle of the insensitive to the parameter D2. This may result in large



03828 IIASHMI, VER STEEG, DURVILLE, POWELL, AND I3OULON 42

error bars for Aa and thus a large error in the value ACKNOWLEDGMENTS
determined for T23 which is dependent on isa, as shown in
Eq. (13).
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IV. NONLIWNE OPIAL P OPERTIES

OF CRYSTAL.S AND GLAS SE S

The six manuscripts in this section describe the results of

investigations of two classes of nonlinear optical materials,

rare earth-doped glasses and displacive ferroelectrics. The

first five papers focus on a new method for producing laser-

induced holographic gratings in glasses. This type of laser-

induced refractive index change forms the basis of devices for

optical t-chnology applications such as demultiplexers, filters,

beam deflectors, and optical limiters. This method developed

involves generating a significant number of local vibrational

modes by radiationless relaxation of the resonantly pumped rare S

earth ion. These local vibrational modes provide enough energy

to cause a structural change in the glass host surrounding the

rare earth ion and this changes the refractive index. The S

gratings are stable at room temperature and can be erased

thermally. The important new results of this investigation

include characterizing the effects of both alkali and alkaline

earth modifier ions on the efficiency of grating formation,

demonstrating the difference between Pr3 + and Eu 3+ ions in the

dynamics of grating formation, developing a two-level system

model to desdribe the local structural modification, developing a

polarizability change model to explain the origin of the

refractive index change, and demonstrating the device

capabilities of these materials for holographic information

storage, demultiplexing, and amplitude modulation of light

signals. The fifth manuscript describes the radiative and

radiationless relaxation processes that take place in Eu3 +-doped



fluoride and oxide glasses under high-power, picosecond-pulse

excitation. A comparison of these spectral properties

originating from excitation into highly excited states of the

rare earth ion is useful in determining the best host glasses for

producing holographic gratings.

The final manuscript describes a comprehensive investigation

of the nonlinear optical properties of KNbO 3 . This is a

displacive ferroelectric crystal that can be used for frequency

doubling, photorefractive phase conjugation, and other

applications related to its electro-optic properties. Using

continuous wave four-wave mixing and two-beam energy transfer

techniques the properties of charge relocation dynamics resulting

in a photorefractive effect on a millisecond time scale were

determined. The effects of different types of doping ions on

these photorefractive properties were measured. In addition, the

nonlinear optical response of the material to picosecond pulse

excitation was investigated. The results of these experiments

revealed laser-induced absorptive changes on time scales of a

nanosecond and an ultrafast, picosecond response. The latter can

be affected by contributions from several physical sources.

However, one important physical processes that was identified is

stimulated scattering from niobium hopping modes.
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Properties of laser-induced gratings in Eu-doped glasses

Edward G. Behrens, Frederic M. Durville, ° and Richard C. Powell
Department of Physics, Oklahoma State University, Stillwater, Oklahoma 74078-0444

Douglas H. Blackburn
National Institute of Standards and Technology, Gaithersburg, Maryland 20894

(Received 25 August 1988; revised manuscript received 20 October 1988)
The properties of permanent, laser-induced gratings were studied in Eu3+-doped glasses. These

gratings are associated with a structural modification of the glass host in the local environment of
the Eul + ions, and we have investigated the effects produced by altering the Eu3+ concentration and
by changing the composition of the glass host. A two-level-system model is developed to explain
the results.

I. INTRODUCTION tained whose compositions varied only in the Eult con-
centration. The first samples investigated were two

We have previously reported the observation of per- Eu3 +-doped metaphosphate samples, one with a compo-
manent, laser-induced refractive-index gratings in Eu+ -  sition of 90 mol % La(P0 3)3 and 10 mol % Eu(PO3) 3, and
doped glasses using four-wave-mixing (FWM) tech- the other with 50 mol % La(PO3) 3 and 50 mol %
niques.' - 3 These gratings were established using crossed Eu(P0 3 )3. These are labeled MPIO and MP5O, respec-
write beams in resonance with tile 7F0-5D2 absorption tively.
transition of the Eu3  ion and displayed buildup times of Permanent, laser-induced gratings were written in each
the order of 15 min. The grating is stable at room tern- sample at room temperature and the scattering efficiency
perature but can be erased thermally by heating thc .ai; of these gratings was measured using a HleNe laser for
pie to temperatures above room temperature or it can be the read beam. The experimental configuration and pro-
erased optically with a single beam tuned in resonance cedures used were the same as those reported previously.'
with the 7F0-5Dz transition of the Eu3+ ion. No grating It was found that the laser-induced grating signal intensi-
formation or erasure occurs if the laser beams are not in ty of the MP50 sample was eight times stronger than that
resonance with the 7Fo- 5D2 absorption transition of the of the MPI0 sample. This is consistent with the double-
Eu3+ ion. minimum potential-well model discussed below.

A model was proposed to explain these gratings in One other set of samples was investigated along this
which the network former and network modifier ions of line, a lithium borate glass, LBIS, with a composition of
the glass host can arrange themselves into two different 75 mol % B203, 10 mol % Li20, and 15 mol % Eu2O3 . It
configurations in the local environment of the Eu3+ ion. was possible to establish a permanent, laser-induced grat-
This leads to double-minimum potential wells for the ing in this sample whereas in a previously investigated
Eu 3 electronic energy levels. It is assumed that the ma- lithium borate sample, LBI, with only I mol % Eu20 no
terial possesses a different index of refraction depending grating was created.
on which configuration is present. When the Eu3+ ion
relaxes nonradiatively from the 5D2 level to the 5D 0 level B. Effects of modifier ions
several high-energy "phonons" are created. The local To study the effect of the network modifier ions of the
heating produced by the vibrational modes can produce a host glass on the ability to produce gratings with high
change in the structure of'the local environment of the scattering efficiencies, five silicate glasses were obtained
Eu' ion by causing the ions to move from one equilibri- which had identical compositions except for one modifier
um configuration to the other. ion. This modifier ion was changed through the series of

In this paper we extend our previous work by looking alkali-metal ions Li, Na, K, Rb, and Cs. The exact con-
at different hosts, altering the Eu 3 + concentration, andvarying t" network modifier ion in a series of silicate positions of these glasses are listed in Table I.Permanent, laser-induced gratings were written in eachglasses. Fially, the details of the two-level-system model of the five samples at room temperature and measure-
are developed to provide a quantitative explanation of the ments were made of the scattering efficiencies using ai ~~~data. mnswr aeo h cteigefcece sn

.HeNe laser for the read beam. The effective scattering
1. F 'XERINFNTA. RESULTS OF SCATTERING efficiency, which is defined below, was found to decrease

as the modifier ion was changed as Li-.Na-.KEFFICIENCY MEASUREMENTS -- Rb---.Cs and the results are shown in Fig. I where the

A. Effects of Eu concentration experimental values of the effective scattering efficiency
are plotted versus the mass of the alkali-metal moditierTo study the effect of the Eu3'-ion concentration on ion. The solid line represents the best fit to the data using

the permanent, laser-induced grating, samples were ob- the theoretical treatment discussed in Sec. Ill.

39 6076 (c 1989 The American Physical Society
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TABLE I. Composition of silicate glass samples investigated, leading to a smaller number of high-energy "phonons"
(Notation discussed in text.) being available. Since it is these high-energy local mode

Sample composition (mol%) vibrations which are responsible for the formation of a

Network Network Eu permanent, laser-induced grating, no grating will be pro-

• Sample former modifier content duced in these glasses.
In contrast, it was found that in a fluorophosphate

LS5 70 SiO, 15 Li 2O 5 EuO 3  glass, (FP, Schott FK-54), with 5 mol % EuF 3, it was pos-
5 BaO sible to produce a permanent, laser-induced grating. This
5 Z1O implies that the fluorophosphate glass contains enough of

NS5 70 SiO, 15 Na2O 5 Eu20 3  the characteristics of the phosphate glasses to allow for-
5 BaO mation of the permanent grating.

* 5 ZnO
KS5 70 SiO 2  15 K20 5 Eu2O3  D. Temperature dependence of scattering efficiency

5 BaO
5 ZnO The temperature dependence of the laser-induced grat-

RS5 70 SiO, 15 Rb 20 5 Eu2O ing signal intensity in an EP sample was measured at
5 BaO temperatures above room temperature and the results
5 ZnO were reported previously.' This section reports the re-

• CS5 70 SiO 2  15 Cs2O 5 Eu2O 3  suits of measurements of the laser-induced grating signal
5 BnO intensity at temperatures below room temperature. To
5 ZnO obtain the data the sample was mounted in a cryogenic

refrigerator and the temperature was lowered to the
desired level. Then a permanent grating was written and
the scattering efficiency measured. This procedure was

• C. Fluoride glasses repeated at each temperature of interest. The laser-

Along with tie other samples investigated a new induced grating signal intensity is plotted versus tempera-

fluoride glass was acquired, CLAP5, with a composition ture in Fig. 2.
As can be seen from the results, the trend toward

of 36.1 mol % PbF 2, 26.1 mol% CdF2 27.1 m % AIF, higher laser-induced grating signal intensities continues
4.7 tool % LiF, and 5.0 mol % EuF 3. No permanent at lower temperatures. However, there is a change in the

grating was observed in this sample. This is the same re- slope between high and low temperatures. The solid lines

suit as obtained previously with other fluoride glasses.13 sn F eg. high an lo temperaturT e s li in

The lack of permanent grating formation in fluoride- in Fig. 2 describe an exponential temperature variaton

glass hosts is consistent with the fact that Eu3+-doped of the form

fluoride glasses have been shown3 to exhibit a significant [ (I)e
amount of radiative emission from the 5Dj levels above 0exp (1
5D1. This results in fewer ions relaxing nonradiatively I I
from the 'D 2 and 

5D, levels to the 5D0 metastable state where A is the activation energy. The values obtained for

30 5 1 1 5C '

30-

24

• 18 C2

-

1

00 5 10 15 20 25 2.6 3.2 3, 4.4 5.0 6 6.2
o"mass (10"g) 1 ('1- K-')

T
FIG. I. Scattering efficiency of the samples listed in Table I

as a function of the mass of the alkali-metal ion. 0, experimen- FIG. 2. Intensity of signal beam of the EP sample as a func-
tal points; - , theoretical points, tion of temperature.
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A in the high-temperature and low-temperature regions where P it is given by 4

are 2219 and 189.6 cm-, respectively. 1
Pl l -- t tex - (6)

III. THEORETICAL MODEL lI

In the double-minimum potential-welt model the net- ka is Boltzmann's constant and v1,11 is the attack frequen-

work former and network modifier ions of the glass host cy which is the number of attempts the ion makes at sur-

can arrange themselves in two possible configurations in mounting the barrier of height E1,11 . Equations (5) and

the local environment of the Eu3 + ion. Thus these ions (6) lead to the thermal equilibrium condition

or groups of these ions have available to them two mutu- Nt( o0) v p
ally accessible equilibrium positions and move in a poten- Nl( oo ) - - (7)

tial of the form shown in Fig. 3. In this model it is as- 0

sumed that the index of refraction depends on which where A,=EtI-E. The equations derived so far are
configuration is present. Thus the total index of refrac- completely general and are valid for single-beam or
tion of the material will be of the form crossed-beam experiments.

n ntN +ntN1 , (2) For crossed beams the intensity of the laser-induced
grating signal is given byJ

where N t (1' is the population of well 1 (11) and n, (1t) is
the index of refraction per ion populating the well. When I In,-n oI

2 
, (8)

the laser beam is turned on the population of the wells where rip and n, refer to the index of refraction of the
will display a time dependence of the form peak and valley regions of the laser-induced grating with

dVt - -pN 1 U)+p 1 N 11(t) , (3) n. =nlNtt(oo )+n1 Nllp(oo) , (9)

dt
dN11(t) n=niNl,( p)l. (10)

dt -p 1 N1 t-pN(t) ' The p and v subscripts refer to the peak and valley re-
gions of the laser-induced grating whereas the I and II

where P tie) is the jump frequency and is the probability subscripts refer to the potential well occupied. In arriv-
per unit time that the ion will have enough energy to ing at Eq. (10) it is assumed that the ions in the valley re-
jump from well I (II) to well II (I). In these experiments gion of the grating remain in well I for all times. These
the system is allowed to reach equilibrium before mea- equations lead to the following expression for the laser-
surements are taken. Thus the population of each well induced grating signal intensity:
can be taken as constant and Eqs. (3) and (4) give the ra-
tio of the populations of the two wells as I x INnl( 00 )An 1it 2 , (I I)

Ni(l-) Pit (5) where An11 .l~ni-n,. By using the thermal equilibri-

Nn(00) 0 P um condition and the fact that the total population of the
wells must remain constant, the laser-induced grating sig-
nal intensity can be written as

E~N 2(0) 1,&,, 12

I 0C2 I (12)V1
l+ exp I I r

where N1 (0) is defined as Nip(0)N (O)=N,(0).

This model can be used to interpret the observed
changes in laser-induced grating signal intensities. For

T II the MP50 sample and the MPIO sample the only
difference will be in the initial population of configuration
1. The ratio of the laser-induced grating signal inicisities
will be given by

150  
NIl(0) 5 0 2-,c (13)

E Io NI(O)1,

Eli This ratio oi 0he squares of the initial populations was
calculated using !,.e Eu 3 + concentration and the size of

the peak region of the grating and was found to be 56.33.
This number is larger than the measured ratio of eight,
however, taking into consideration the simplicity of the

FIG. 3. Model two-level system. model which does not include any saturation effects
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which have been, seen in power dependence measure. +( qb 'i w) b1)  (01H102)
ments, the model does a fairly good job in predicting the (H)= I (18)
relative change in laser-induced grating signal intensities (021HI0 1 ) E2 +1(€WIk 2 )

• with a change in Eu3 + concentration.
This model call also be used to explain the results To a good approximation (ckI Wlcb, <E. Defining the

shown in Fig. I. Since the only component of these zero of energy to be midway between El and E2 the
glasses which has changed is the alkali-metal ion and it is Hamiltonian matrix will become
seen that the effective scattering efficiency varies as the
mass of this alkali-metal ion, this alkali-metal ion can be (11) (19)
taken as the ion that is moving to provide tile double- 2A 0  _A , (19)
equilibrium configuration surrounding the Eu3+ ion. In

Eq. (12), NI(O), which is the initial population of well 1, where A 0 is defined as
will depend on the size of the peak or valley regions of
tile laser-induced grating. Therefore, the effective A(=2( 1 IH! ) (20)
scattering efficiency is defined as

A0 /2 is the coupling energy and is the difference between
* 1 I____ oll-i _ the two lowest symmetric states. The solution for theN1 --) _A, (14) coupling energy is derived in a number of quantum

1 + -exp - Imechanics text books and is given by7

Flic freqency(kB2mJ' 0 1/21
a t t a c kk I A 0 .=f I w0 e x p - d 1mV , ( 2 1 )ie a.tltack Frequency is proportional to the mass of

* the ion in the well and can be expressed as

where i&co is an energy roughly equal to the zero-point
(15) energy and will vary as I/--V7. For this reason we can

'i, = tt 1 (15) write

where k,11 is the force constant of well 1,11, respectively, o= k e d 2mV 1/2122)
* and oi is the mass of the ion populating the well. An,,-, M I, I i(

is the change in refractive index per ion and is treated as
an adjustable parameter. The term A, which is the where k is the force constant for the initial configuration.
difference in the minima of the potential wells can be ex- The coupling energy can be related to the asymmetry
pressed more specifically using tile mathematical formal- by8

ism developed to describe a double-minimum potential A0
ve l." tan 23 )

*< Basis states I1, ) and 102) are chosen which are ground tan 2
states for the appropriate single-well potentials. These
hasis statcs are eigenstates of the Hamiltonian of the un- where 0 is a measure of the mixing of the original eigen-
perturbed system III, with eigenvalues E, and E 2, states due to the perturbation. Combining Eqs. (22) and

(23) gives

(16) A = r, I k 1/2 x I -d 2 V ( 4
lI,&2 Ez~2).11)! =_.__ 2m___1/k

(17) tanO - exp -d -- . '24)

1lpoi applying i perturbation IV which couples 0,) and Inserting this into Eq. (14), the effective scattering
A'bz ) lie I laiiloulia trial rix will become efficiency becomes

(25)

+ I'lexp 1iTtan8 1/2 exp d rV 1lA 12

Equation (25) was fitted to the experimental values of parameters. The best fit to the data is the solid line plot-
the effective scatterinig efficiency with IA/11II12 , V1/1.', ted in Fig. I where the following values were found for
hv'k /kn.T tanO, and d(2V,/h 2 )' n treated as adjustable the adjustable parameters:
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1An11t1 =2.787X 10 - 17 , This same trend would be expected to continue in these
glasses and as the glass becomes more ordered there

-J--1.329 would be less opportunity for multiple configurations
leading to a smaller asymmetry between the two potential
wells.

k -2a . 25 X 1010g / From Eq. (7) and the fact that the initial population of 0
kB T tan0 well I must equal the final population of well I and well

2 1/2 11, it is possible to find the final populations of tile two
d - =2.39 X 10g 1 /2  wells for each sample. These populations along with the

I I ratio of the final population of well II to the initial popu-

It is seen that as an ion moves from one potential well lation of well I are given in Table II. This ratio can be in-

to the other the index of refraction changes by terpreted as the relative effectiveness of moving an ion in-

5.279 X 10-19. The number of ions that accumulate in itially in well I to well I1. It is observed that in LS5, NS5,

well II is of the order of I X 1015. This gives a total and KS5 almost 100% of the ions are driven into well II.

change in the index of refraction of 5.279X 10- 3. This In RS5 and CS5 a majority will end up in well II, howev-

number is of a similar order of magnitude to that found er, it is a much smaller number than in the first three. In

in other experiments.9 the heavier alkali-metal glasses it is harder to trap the

From the ratio of the attack frequencies the relation- ions in well II, implying the change in local environment

ship between the force constants of the individual well of the Eu 3+ ions is less than in the lighter alkali-metal *
can be found. From Eq. (15) it is seen that glasses.

The inability to produce a laser-induced grating in
v11 _ tk fluoride glasses is also consistent with the double-

Vi k  i (26) minimum potential-well model which requires the pres-
ence of high-energy "phonons" to enable the ions to stir-

It is seen that the force constant for-well II kit, is 1.329 mount the barrier and hop from well I to well II. With
times larger than that for well I, ki. - the absence of the high-energy local mode vibrations pro-

It is also possible to approximate the distance between duced by radiationless relaxation of the Eu r
- ions the

the two wells, d, using the last parameter. From Fig. 3 it ions remain trapped in well I and no grating will be pro-
is seen that V0 must be as large as A,/2. Taking V0 to duced.
range from 3000 cm - t for LS5 to 45 cm - 1 for CS5 leads Finally, the temperature variation of the laser-induced
to values of d from 0.023 to 0.189 A, respectively. It grating signal intensity can be explained using the same
should be remembered that this model has considered model. Solving Eq. (7) for N 1 p( oo ) and substituting *
only the alkali-metal ion to be the source of the double- directly into Eq. (11) leads to the following eqtiaiion for
minimum potential well. There are realistically many the laser-induced grating signal intensity:
ions involved and the small values for d suggest that evrn 2
though individual ions may move over large distances, I .N'(o )Anil - lexP iI . (27)
the net effect on the configuration coordinate is minimal 

1  
k8 T

in moving between equilibrium configurations. 
•

From the final two adjustable parameters it is possible Thus the measured activation energy is half the asyrn-
to calculate A, for each sample using Eq. (24). These metry. From Sec. II D the activation enLergy was mnea-
values are listed in Table II. It is observed that as the sured to be 2219 cm-' leading to an asymmetry of 1109.5
mass of the network modifier ion increases there is a cm - t for the high-temperature case. Even though this
dramatic change in the asymmetry. As this ion becomes glass is different than the silicate glasses discussed above
heavier the difference in the minima of the two wells be- it is seen that the asymmetry is of the same order. The
comes less, implyinglthat the change in the local environ- low-temperature activation energy was found to be 189.6 *
ment of the Eu3+ ion becomes less pronounced as you go cmi giving an asymmetry of 94.8 cm This suggests
as Li--Na---,K---,Rb---Cs. It has been reported that in that as the temperature is lowered the minima of the two
binary alkali silicate glasses the glass becomes more or- wells approach each other implying that the difference in
dered as the radius of the alkali-metal ion increases. °  energy of the ions in each well at low temperature is not

TABLE II. Summary of parameters.

Sample A (cm - ) N1 (O) Nl( oo) V( N (0)

LS5 6068.38 1.041 X 10'6 0 1.041 X 10 1.0)
NS5 1714.43 1.809X 1016 l.oX loll 1.808 X 1016 0.999
KS5 838.61 0.815 X 10'6 1.81 X loll 7.969X 10 0978
RS5 225.84 0.718 x 10b 2.21 X 10" 4 972 X 10" 0 092
CS5 89.69 0.442X 10'6 2.04X 10" 2.376x Itl 0 .538

m0
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as great as at high temperature. This leads to the con- Nt( oo)/NI(O) in the lighter alkali-metal glasses than in
clusion that at low temperature the local structure the heavier alkali-metal glasst.s and is what is observed in
around each Eu 3  ion is close to the same in each Table II.
configuration. This seems to be reasonable since at low Stronger elastic constants also suggest there will be less

* temperature you would expect the structure to resist displacement of the ions in the lighter alkali-metal
changes to a new conliguration whereas at high tempera- glasses. This is exactly what was calculated in Sec. IlI
tures the changes are more likely, where it was found that d ranged from 0.023 A for LS5 to

0.189 A for CS5. Also in Sec. II it was discovered that
the ratio of kl) to k, was 1.329. Since k, decreases from

IV. I)ISCUSSION AND CONCLUSIONS LS5 to CS5, Ak =k 1 -k 1 will also decrease from the
lighter to the heavier alkali-metal-ion glasses. This sug-

The double-minimum potential-well model used to de- gests that A, should be largest in LS5 and decrease to its
scribe the formation of the permanent, laser-induced smallest value in CS5. However, the actual physical dis-
grating agrees well with experimental results. It also pro- placement of the ions increases from LS5 to CS5 and sug-
vides some insight into the physical processes involved in gests A, should increase from LS5 to CS5. In order to
the formation and erasure of these gratings. However, form a permanent, laser-induced grating whose signal in-
caution must be used in the interpretation of the physical tensity decreases for LS5 to CS5 as seen in Fig. I, A
parameters since a simple model is being used to describe must decrease from LS5 to CSS. Therefore, the change in
a complex and poorly understood physical system. force constants must dominate over the change in posi-

The Eu 3 ' ions play a major role by providing the tion.
high-energy local mode phonons required to produce a Measurements of the temperature dependence of the
structural modification of the glass host. The strength of laser-induced grating signal intensity provides a direct
the grating which can be produced is proportional to the means of obtaining the asymmetry and verifying the
conceilration of Eu 3 - ions, however, at high Eu 3+ con- two-level-system model. For the glasses investigated in
centrations saturation effects occur. this paper the asymmetries, as found by the two methods,

The structure of the glass host in the local environment were of the same order of magnitude. Lowering the sam-
of the Eu1 ' ions is also important to the formation of the pie temperature results in a decrease in the asymmetry
grating. Bly changing one of the network modifier ions, suggesting that as the temperature decreases the glasses
variations in the laser-induced grating signal intensity begin to resist changes to theirstructure. .

can be produced. All of the above results are important when consider-
* As a simple model consider the glass to consist of point ing these glasses for potential ,optical,. devices. Even

masses connected by springs. These point masses have though much more is understood concerning the forma-
available to them two equilibrium configurations which tion of the grating, the exact structure of the glass host is
result from a change in position or a change in the force still unclear. Knowledge of this structure will lead to a
constants of the springs to which they are attached. In- better understanding of the processes involved.
dependent measurements have shown the elastic con-
stants of the glasses to decrease from LS5 to CS5.11 This ACKNOWLEDGMENTS
implies that the two equilibrium configurations will be
more stable in the lighter alkali-metal glasses than in the This research was supported by the U.S. Army
heavier ones. This will result in a larger value of Research Office.
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Four-wave mixing techniques are used to produce laser-induced gratings in Pr 3 -doped silicate glasses for the
first time to our knowledge. The characteristics of the laser-induced grating are investigated and compared
with those found in Euj*-doped silicate glasses. An attempt to form a laser-induced grating in an Erl'-doped
silicate glass was made. Under excitation conditions similar to those in previous experiments, no laser-induced
grating could be produced. Differences between the samples are discussed in terms of high-energy phunons,
which are emitted when the rare-earth ion relaxces nonradiativey. Temperature dependences of the laser-in-
duced grating signal intensity are investigated in EuJ'-doped silicate glasses, and the results are compared
with theoretical predictions.

1. INTRODUCTION creates a change in the optical properties of the sample

Recently we employed four-wave mixing techniques to with the same shape. This is the LIG whose wavelength,

produce superimposed permanent and tra sient laser- A, depends on the write-beam wavelength, Aw, and tlo the

induced gratings (LIG's) in a variety of Eu*-doped write-beam crossing angle, 20, through the condition
glasses.' Laser-induced holographic gratings of this type A = n w/2 sin 20. l

are ou significant interest to technologies such as optical
data processing, medical imaging, and fiber-optic commu- The LIG is probed by a third beam with wavelength i,
nication, for which holographic information storage and which scatters off the grating. In these experiments d
retrieval are important. The glasses used to write LIG's He-Ne laser is used as a probe beam. 'he maximum
in these experiments are common silicate and phosphate scattered signal beam is obtained at the Bragg condition
glasses. So far we have attempted to write LIG's in Eu j' - for the incident probe beam: 0
and Nd"-doped glasses, with success being achieved A= 2,\ sin 4,
only in Eu -doped samples.

In this paper we report the results obtained from at- where P is the Bragg angle. A mirror is used to pick off
tempts to write LIG's in Pr '- and Er 3 -doped silicate the signal beam and direct it through a cut-off filter to
glasses and extend our previous research on Eu3 *-doped eliminate sample fluorescence. A photomultiplier tube is
silicate glasses to include measurements of the energies of then used to detect the signal and the output processed
grating formation. Grating formation was accomplished by a PAR-EG&G boxcar averager, and a hard copy is
in the Pr 4 ' silicate glass, and various properties of the recorded. To separate the permanent and the transient
LIG in this sample are presented. No permanent grat- portions of the LIG a chopper is inserted between the
ings were observed in the Er 3'-doped sample. write beams and the sample. When the write beams are

The experimental configuration used to produce LIG's chopped off, the permanent portion of the LIG is the only
and measure their properties was described previously.'  signal visible. When the write beams are on, the visible
The output from a Spectra-Physics cw argon-ion laser is signal consists of a superposition of the permanent and
tuned to resonance with a preselected absorption transi- transient portions of the LIG signal. Thus the perianeint
tion of the rare-earth ion. The values of the argon-ion and transient portions of the LIG signal can be separated
laser wavelengths used in these experiments are 488.0 nm and measured. For measurements of the erase time of the
for the Pr - and Er 3 '-doped samples and 465.8 nm for the permanent LIG a single beam, tuned to the same absorp-
Eu 3'-doped sample. This laser beam is split into two tion transition as used to write the grating, illuminates
write beams, which are focused to a 500-Am beam waist the grating region. Owing to the length of the erase time
and crossed inside the sample. The path lengths of the the output from the photomnuitiplier tube is sent directly *
two write beams are maintained equal to within the coher- to a strip-chart recorder. To measure the temperature
ence length of the laser. In the region in which the write dependence of the permanent LIG the sample is mounted
beams overlap, a sinusoidal interference pattern is created. in a resistance-heated furnace that car) control the tern-
rhe interference pattern from the crossed write beams perature between 300 and 775 K

0740-3224/90/081437-08$02.00 o 1990 t)ptical Society of America



1438 J. (14. Soc. Am. I/Vol. 7, No. 8/August 1990 Behrens et al.

2. EXPI'RIIMENTAL RESULTS 22 , 1- G 11/2 O 2

I'ermanent changes in the refractive index of a material 1 , " 9/2 F 7/2

can be induced by lasers as a result of several physical -0
processes. Ilowever, most of these processes are not con- 20 2 Gg9 2  2H-- ~ 1 I1/2

sistent with the experimental observations reported pre- - 72 1 4s 3/2

viotisly. For example, the plotoionization of defects can 18 2

cause a change in the refractive index." However, the G /2 /2 0

energy-level scheme for Eu in these glass hosts is not 2D o
compotilh with aim ioniztin transition at the laser wave- 16 2 H4 2

length andi powers used iii these experiments. Also, no q/2

spectral evidence was observed for the presence of Eu ions 4F. sF2

in valence states other than trivalent. In addition, the 14 S32
fact that optical erasure occurs only when Eu3  ions are 9/2

resonantly excited is not consistent with the photoioniza- 2H912
tion nlechanism. 5/ 2o12

Thernmnl processes can directly produce refractive- - 3/2

index changes and laser-induced stress-optic changes. 0
Among these changes are permanent effects that have 771 10 1 G11/2

been seen in rare-earth-doped glasses." However, these W 4

effects occur at higher laser powers than those used in our
experiments. For the laser powers used in these experi- 8
mients, the thermal properties of the glass hosts produce a
rise in the temperature of the sample of only a few de- 3 4 13!2

grees, which is too small to give a measurable effect. 6 - 3 . i5i2

The mechanism that is consistent with the observed re- 7F

suits is a change in the local structure of the glass caused 2 - 6

by the vibrational energy released during the radiation- 4 6'12 - 5

less relaxation of the rare-earth ions. The radiationless
relaxation transitions of rare-earth ions in glasses have 4

been shown to be multiphonon emission processes, each of 2 - 5 - 3
which generates several high-energy phonons of the order

of 1000 cm-'.' Here the term "phonon" is used to refer to 12
any vibrational mode of the host material. Figure 1 dis- 0 - - - 1

plays the relevant energy levels of several trivalent rare- 3 H 4  419/2 
7Fo 4 115/2

earth ions. Since these phonons are generated by the
rare-earth ions and the thermal diffusion in glasses is Pr 3' Nd 3 "  E u 3  E r
slow, they remain localized, thus creating a high level of Fig. 1. Partial energy-level diagram for several trivalent rare-

nonthermalized vibrational energy around each ion. This earth ions.

can produce a local effective temperature that is ex-
tremely high, depending on the energy gap that is being
crossed in the relaxation process. For the excitation con- havior was observed in the Pr3 *-doped sample as was seen
ditions in the Eu -doped-glass experiments, effective in the Eu 3 *-doped glasses. '2 When the Pr3 *-doped sam-

local temperatures of several thousand kelvins can be pro- pie was illuminated by the crossed write beams tuned to

duced. This is easily hot enough to permit ionic motion resonance with the 3H4- 3Po absorption transition, a small
over .,ort ranges and thus produce a local structural modi- signal was observed immediately. This was followed by a

fication of tihe host glass. The energy associated with gradual buildup of signal intensity. The time required to

this local temperature rise' is consistent with the mea- reach the maximum LIG signal intensity is of the order of

sured activation energies for the formation and erasure of tens of seconds, with the exact time depending on the

permanent gratings. In addition, the time scale of sev- laser power. If the laser write beams are not tuned in

eral minutes for grating formation and erasure is consis- resonance with the 'l4-3 Po absorption transition, no sig-

tent with the time scale for producing structural changes. nal is observed. When the write beams are blocked, the

The rare-earth ion plays a key role in the formation and LIG signal intensity rapidly decreases. However, it de-

erasure of permanent LIG's in these glasses since these creases not back to the baseline but rather to a value of

ions are the source of the high-energy phonons. To study approximately 90% of the maximum LIG signal, where it

this role we conducted experiments on silicate-glass sam- remains indefinitely. The remaining portion is referred

ples doped with Pr" *, Er 3
-, and Eu 3 . to as the permanent signal and can be erased by illumi-

nating the grating with a single laser beam tuned to reso-

A. .IG Characteristics in Pr 34-Doped Glass nance with the same Pr 3 ' absorption transition used to

The characteristics of the LIG in the Pr 3
+ silicate glass write the grating. It should be noted that no erasure

(70 SiO 2, 15 Na 20, 5 ZnO, 5 Ban, and 5 Pr 20 3 in units of occurs if the single beam is not tuned to the 3H 4 -'Po ab-

reol. %) were investigated as functions of the laser power sorption transition. The erase time is of the order of tens

and write-beamn crossing angle. The same qualitative be- of seconds, with the exact time depending on laser power.
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This permanent signal can also be erased thermally. The ' I I , . ' I I - I I , I I I . . I I
important thing to note is that the build-up and erase ,100 0 0 Transient

times in the Pr3 *-doped glass are all of the order of sec-

onds, whereas in the Eu 3 *-doped glass these time scales 0
were of the order of tens of minutes. 0

The lifetime of the transient part of the LIG was mea- r . 0
sured to be 200 Asec, which is approximately the same as 00

the fluorescence lifetime of the 'D2 level of the Pr ion, 0
which was measured to be 194 A.sec. For a population
grating the signal intensity is proportional to the square 0 0 0

of the modulation of the index of refraction, 9 An: 0 * O

0,00 . . .  . . , P .
= Int 2.  (3) 0.0 2.0 4.0 8.0 80 10.0 0

An will decay with the decay of the excited-state popu- Write-Beam Crossing Angle 2e (deg)

lation, leading to a time dependence of the signal inten Fig. 2. LIG signal intensity as a function of write-beam crossing

sity of angle 20 in the Pr 3 * sample.

Is(t) = lo exp(-2t/r), (4)

where , r is the fluorescence lifetime. Thus the grating ....... .

decays with a lifetime of half of the fluorescence lifetimr .oo 10
However, in these samples there is an interference effect o
between the permanent and transient LIG's that leads to .3

a signal intensity given by ".2  .) 0

Is = IhnT 2 exp - (2t/r) + 2lAnTI IAnpj exp - (t/i) /

+ IAnP12, (5) 0.50

where Ant and Anp are the changes in the index of refrac-
tion due to the transient and permanent gratings, respec- PerwT .. I
tively, and 1/T is the fluorescence decay rate. The first
term is much smaller than the last two and can be ne-
glected. Thus the lifetime of the transient grating will be 0.00 ,
equal to the fluorescence lifetime of the excited state re- 0 1oo 200 300 400 500 0
sponsible for the population grating. Therefore the tran Write Beam Power (mrW)
sient grating is associated with an excited-state population Fig. 3. LIG signal intensity as a function of the total laser write-
grating that is due to the difference in susceptibility of the beam power in the Pr' sample. The solid and dashed lines are
ions in the 'II, ground state and the 'D2 metastable state, discussed in the text.

Figure 2 displays the normalized intensities of the per-
manent and transient LIG signals as a function of the total
write-beam crossing angle, 20. It is seen that both the signal intensity varies linearly with laser power through-
transient and permanent signals have the strongest inten- out the range of write-beam powers available in these ex-
sity at the smallest write-beam crossing angle, which cor- periments. The permanent signal displays nonlinear
responds to the largest value of grating spacing. As the behavior up to approximately 200 mW, where saturation
write-beam crossing angle is increased, and the grating occurs. Equation (5) predicts the power dependence of
spacing decreases, the intensities of both the permanent the LIG signal intensity. Since AIT and Anp depend on
and the transient signals decrease. This is typical behav- the difference in population between the ground and ex-
ior for FWM signals, witlq the exact form depending on the cited states, they will vary linearly with laser power. The
coupling mechanism for the beams." permanent part of the LIG signal intensity, which is pro-

The LIG signal intensity, build-up times, and erase times portional to thnpl2 , is predicted to display a quadratic
were also measured for different values of the total power power dependence. This is demonstrated by the solid
of the laser write beams. The absolute value of the scat- pow er he hi sionstra ted o thecurve in Fig. 3, where the expression ax2 was fitted to the
tring efficiency, which is defined as data below 200 mW. Above 200 mW saturation of the LIG

= PS/Pr, (6) occurs, which is represented by the solid horizontal line. S
Since AnT << Arnp, Anr can be neglected in the middle

where Ps is the power of the signal beam and Pp is the term of Eq. (5), leaving a transient LIG signal intensity
power of the probe beam, was measured to be 1.33 x 10 -4 . proportional to Anp and displaying a linear type behavior
This is of similar magnitude to values consistently found as observed. The dashed line represents a linear-regres-
in Eu"-doped samples. sion fit to the transient grating values.

Figure I shows the normalized intensity of the perma- The measurements of the transient and permanent sig-
nent anO ansient signals as a function of the laser power. nai intensities took place after the permanent signal had S
As in the case of the Eu'*-doped samples the transient reached its maximum value. Thus the variation of the

S



11-1 ,1 i ipt. Hoc. Aiti. Ill Vol. 7, No. 8/August 1990 Behrens et al.

transient grating signal intensity is measured in the pres-
ence of a strong permanent grating. The observed sat- 1.00

ration in the permanent signal shows that there is a limit
to the struct ural modification of the glass.

The build-lp and erase times of the permanent grating /
as a function of laser write-beam power are displayed in E
Fig. -. It is s',ii that as the laser power is increased both 0
the erase tine and the build-up time decrease. '.lie erase 010

tine dcirases liiearly as the laser power is increased,
hut t i Iid-upl lime decreases almost exponentially with r

increasing laser power. The general trend in both cases a
of decreasing times with increasing power is consistent
with tile model proposed previously and is discussed fur-
thier below. 0.01 . . . .. .

t5 2.0 2.5 30 3.5
The final neasurenent performed on the Pr:" sample -1 (10- K 1)

was of the effect of teriperature on the formation of the
permanint 1IG. The sample was placed in a resistance- Fig. 5. Temperature dependence of LIG scattering intensity for
heated furnace and the temperature increased to the de- Pr"-doped silicate glass. The solid lines are discussed inthe text.
sired level. A LIG was then written and the scattering

intensity f the permanent portion measured. This pro-
ceduire was repeated as tie temperature was increased
from 3111 lo approximately 6)0 K. Figure 5 shows the
results of these measurements. These results display a
behavior that is nonexponential. There seems to be an "
inflection at. approximately 415 K. Fitting the regions6
above and below 415 K separately with single exponential
equations leads to the solid lines displayed in Fig. 5. The .

activation energies measured for the high- and low-
temperatuire regions are 2.825 x 10' and 9.2" x 102 cm - ,
respectively. This behavior is also seen in the Eu3 *-doped2 2

glasses and is discussed in more detail below.

13. 1Fluo4re!s:en(e C raderistics of Pr*- and 0500.0 600.0 700.0 800.0
Er -)oped Glasses Wavelength (nm)
'I'o characterize the relaxation process of the Pr and Fig. 6. Room-temperature fluorescence of the Pr3*-doped glass
Er" * ions, which is important to the formation or lack of sample after excitation into the 3P0 excited state.
formation of the IIG, fluorescence spectra were measured.
To form the permanent LIG in the Pr3'-doped glass sam-
ple Ihe l)r ' ion is excited from the 31H, ground state to the
'P, excited state. Figure 6 shows the room-temperature tively. These levels then relax nonradiatively to the
fluorescence of the Pr'-doped glass. The fluorescence ground state. There is also a peak at 690 nm, which cor-
spectrum displays peaks at 540, 620, 645, 715, and responds to the 'D 2 -1 5 transition. A transition from 'D 2
735 aim, which correspond to radiative transitions from to 'H, should also be present at 605 nm; however, in this
the P state to the U.s, ' F2, F.3 , and 3F, states, respec- case it is buried in the shoulder of the 'Pe- 3 H6 transition.

The nonradiative relaxation occurring in this sample pro-
duces phonons with energies of the order of 1000 cm- ' and

.175 , , will produce the structural modification needed to form
Buildup the permanent LIG. The same type of relaxation behav-
Erasure ior is observed in Eu3 -doped glasses, which produce per-

manent LIG's.
2 In the case of a Nd 3+-doped glass sample (NdP5O,) the

225 Nd a  ion is excited from the '192 ground state to the 'G 9,2

excited state. Relaxation occurs through the emission of
(50 phonons: however, in the Nd3 * ion the energy levels are

much closer than in the Eu3 or Pr ' ions. Thus, when
75 0 the Nd3 + ion relaxes, the phonons emitted are of much

0 . lower energy than those from Eu3  or Pr"', and as a result
0 ? 9 Q . no permanent LIG is formed.

a 0 100 0 200 0 3000 4000 500.0 The silicate glass doped with Er" + (70 SiO2 , 15 NaO,
Write Seam Power (mW) 5 ZnO, 5 BaO, and 5 Er 2O3 in units of mol. %) is an inter-

Fig .1 Ihuuld-up time and erdse time of the permanent LIG as a esting case. From Fig. i it is seen that overall the spacing
Function of the total laser write-heam power in the Pr3 * sample. between the energy levels is much greater than in Nd"
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but not quite so large as in Eu 3' or Pr 3'. Write-beam 6

wavelengths of 4880 and 5145 A, which correspond to ab-
sorption transitions of the Er ' ion from the 4

11z ground
state to the 'F712 and 2Hi12 excited states, respectively, _
were utilized in an attempt to create a permanent LIG in

this sample. Under both excitation conditions no grating
was observed. The explanation for this is found in the >
fluorescence spectrum of the Er ' sample obtained with 2
the 4880-A wavelength as the excitation source and is dis-
played in Fig. 7. A large peak is observed near 540 nm,
which corresponds to a radiative transition from the 'S312

excited state to the '16,2 ground state. This shows that 0

the Er ' ion relaxes nonradiatively from the 4F72 level 500.0 800.0 7000 00oo

down to the 4S3 12 level by the emission of phonons before Wavelength (nrn)

relaxing radiatively to the ground state. These phonons Fig. 7. Room-temperature fluorescence of the Er ' - doped giass
relaingraditivly o th grund tat. Tese honns ample after excitation into tike ' 7/2 excited state.

have small energies, comparable with those in the Nd an
sample, which are insufficient to create the changes nec-
essary to produce a permanent LIG. Notice that there is
a broad peak at 630 nm, which corresponds to a radiative Table 1. Composition of Eu-.DIuped

transition from the 'F9 2 excited state to the ground state. Alkali-Metal Glasses

For the Er ' ions to relax nonradiatively from the 4S3/2 Network Network Euj'

level to the 4F,,2 level they must cross an energy gap com- Sample Former Modifier Content
parable with those seen in the Eu 3' and Fr 3 + samples, L

suggesting the existence of high-energy phonons. How- LS5 70.0 SiO., 15.0 Lio 5 0 E fl,

ever, from the size of the fluorescence peak it appears 5.0 ZoO

that only a few of these phonons are available for the for- NS5 70.0 SiO2 15o Nau..a 5 0 Eu.(),
mation of the permanent LIG. No transient grating is 5.0 BaO
observed in the Er 3 '-doped sample. Since no permanent 5.0 ZnO
grating is present, only the first term in Eq. (5) survives. KS5 70.0 SiO. 15.0 K..O I 1:
If a transient grating occurs it will have an intensity 5.0 Bat)
proportional to jAnrn2. In the Eu a'- and Pr3'-doped sam- 5.0 Zi10
pies no gratings associated with this term are observed. RS5 70.0 SiO2  15.0 fth.,) 5.1j E,.),

Therefore it is not surprising that no transient grating is 50 Bat)50 ZnO0
seen in the Er 3 '-doped sample. CS5 70.0 SiO 15 0 CO 5o Eu 0,

These results confirm the previous conclusion that, to 5.0 Bat)

create the type of permanent LIG described here, it is 5.0 ZnO
necessary to have a high concentration of rare-earth ions
that have a relatively large energy gap between excited
electronic energy levels and that this gap should be crossed
by radiationless relaxation. where the temperature at the intersection of the slopu

was 263 K."
C. Activalion Energies for IJGs in Eu 3 '-Doped Glasses That a structural modification of the host is responsileL
Previously a model was developed to describe the effect of for the permanent LIG suggests that there are two pro-
the network modifier ions on the permanent LIG signal cesses responsible for this modification in the rare-earth-
intensity in Eu 3 '-doped alkali-metal silicate glasses." doped glasses. Remember that this behavior was also seen
The compositions of these glasses are listed in Table 1. in the Pr 4 * sample. One process dominates at low tern-
One parameter predicted by this model was the activation perature, and the other at high temperature. In the high-
energy for grating formation. To verify the predicted temperature region the temperature dependence of the
value, the temperature dependence of the scattering inten- intensity is controlled by the network-modifier ion of the
sity was measured and is displayed in Fig. 8. The same host. This is displayed in Fig. 8 hy the variation of

procedure as reported for the Pr 3'-doped glass was used the slopes in this region. In the low-temperature region
here. For the samples with the heavier modifier ions, the temperature dependence of the intensity must he con-
KS5, RS5, and CS5, the intensity varies exponentially trolled by a common element among the different rare-
with temperature. This leads to the straight lines in earth-doped samples, such as other network-former or
Fig. 8(a) with a single slope on the semilog plot. However, network-modifier ions, in order to produce roughly the
as the mass of the modifier ion of the sample decreases, to same activation energy for each sample. It would also ap-
NS5 and LS5, the intensity no longer displays single expo- pear that the temperature at which crossover occurs de-
nential behavior but rather has two regions with differing pends on the host glass.
slopes. These are displayed, by the solid and dashed lines Table 2 lists the measured activation energies, where
in Fig. 8(b). The intersection of the lines occurs at ap- AEL and AEfj refer to these low- and high-temperature
prnximatey 455 K for hath smples. An identical type of rpginn Sinep the twn-level ;ytem model was concerned
behavior was observed in a Eu 3'-doped phosphate glass, only with the effect of the alkali-metal network modifier
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1 00 0- A. doped alkali-metal glasses. These values can be compared

(a o --- with those predicted from the two-level system model pro-
- A L posed previously. In the two-level system model the LIG

signal intensity is given by "

I = INIp(-)An n_ 1
2, (7)

. Awhere Nlp(-) is the population of well I ;n the pcak of the
0 5 grating at long times and An,, is the difference in indexA RS5
6 K5 of refraction between wells I and II. N11p(o) can be ex-

0 to - pressed as
0 o

I U o Ntip(-) = Nip(-) (vil/il) exp(A,/kT), (8)

Cwhere Np(o) is the population of well I at long times, v,

- S and v1n are the attack frequencies of wells I and 11, respec-
tively, A, is the asymmetry of the two-level system, k is

0 o0 Boltzmann's constant, and T is the temperature. This
gives the temperature-dependent LIG signal intensity as

= Ni()An 1-_(v/,IV)2 exp(2A,/kT). (9)
0 NS5

0 LS5 For the measurements here the prefactors are" An 2
11, =

5 2.0 25 10 35 2.8 x 10 - 37 and (,/v,,) 2 = 1.77. N 2
1(oo) depends on the

T-' (10
-

3 K') host and varies from 0 to 2.04 x 1015. The values for the

Fig, 8. Tetoperature dependence of LIG scattering intensity for parameters of Eq. (9) were obtained previously by fitting

-'t'-dopvd s mples: (a) (lashed line, CS5; solid line, RS5; the equation describing the effective scattering efficiency,
lotted lonw KS5; (b) solid line, NS5; dashed line, LS5. 'Thfr = IAna-,12(1 + (sit/er) exp{[-h(k/m)"2 (kBT tan 6)-']

x exp(-d(2mVo/h 2)12]}) - 2, (10)

ion, only the high-temperature region will be discussed. to the experimental values of the effective scattering effi-
More invest igatins need to be undertaken to determine ciency as a function of the network modifier ion mass.Mores) invetigaion need/ to tbe unetae tod d(termine were Vrae
the source of the low-temperature activation energy. _1J, V17 /V1, hk"2 /k 5 T tan 0, and d(2V0/h2) were treated

as adjustable parameters. A, is related to the adjustable
parameters through the equation

3. DISCUSSION AND CONCLUSIONS A+= (hk112/tan 0 mn"2) exp(-d(2mVo/ 2)t 2]. (11)

The results obtained on the Pr-doped silicate glass are

consistent with the double-minima potential well model However, the main concern is with the exponential term

proposed previously.'" In this model the possibility of in Eq. (9). In order to relate this term to the experimen-
two different structures of the glass host in the local envi- tal data we compared it with an Arrhenius-type behavior,

ronment of the rare-earth ion leads to double-minima po- I = Io exp(AE/kT). From this it is seen that the mea-
tential wells for the rare-earth-ion electronic energy levels. sured value of the activation energy AE is equal to twice

It is assumed that the index of refraction is different for the asymmetry of the two-level system model A,.
each well and that the total index of refraction of the ma- The values obtained for A, for all the samples along with

terial is n = nN, + n 2 N2 , where n, and n 2 are the in- the measured activation energies found in Subsection 2.C
dices of refraction of the different wells and N, and N 2 are are presented in Table 3. It is seen that the agreement

the populations of these wells. The ions move from well I among the values is quite good considering the simplicity
to well II when they receive nergy from the nonradiative of the model; all values are within an order of magni-

relaxation of the rare-earth ion. tude of one another. It should also be pointed out that the
In Suibsection 2. measurements of the activation en- equation derived for the permanent LIG signal intensity is

ergy for grating formation, AE, were presented for Eu 3*- applicable to any rare-earth ion and depends only on the

'rable 2. Activation Energies of Eu 3 -Doped Table 3. Activation Energies and Asymmetries
Alkali-Metal Glasses of Eu 3 -Doped Alkali-Metal Glasses

A Et A E, A Ell 2A,

Sample (X 10 cm') (x102 cm- ) Sample (x10 3 cm - ) (x10 3 cm - 1)

LS5 3.87 8.16 LS5 3.87 12.14
NS5 3.02 7.93 NS5 3.02 3.43
KS5 0.89 0.89 KS5 0.89 1.68

RS5 0.62 0.62 RS5 0.62 0.45
CS5 0 47 047 CS5 0,47 0 18
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glass host. Therefore the activation energy from the the Eu 3 *-doped sample is 900 sec and for the Pr2 -doped
Pr2 '-doped silicate glass should be the same as that in sample 60 sec. This gives a change in scattering effi-
the NS5 sample. This activation energy for the Pr 3

+ sam- ciency per unit time of 2.81 x 10- 8 sec - ' for the Eu 2' -
pie was found to be 2.825 x l03 cm -1 , compared with doped sample and 2.22 x 10-6 sec - ' for the Pr"-doped
3.428 x 10' cm - ' for the NS5 sample, in excellent agree- sample. Defining a quantum efficiency for grating for-
ment with the two-level system model. mation as the change is scattering efficiency per phonon,

It is found that in the Pr 3 '-doped glass the LIG build-up
and erase times are faster than those found previously for 1QWE = , /l (12)

Eu 2 *-doped glasses. To compare the ability to form LIG's
in thewhere 77 is the change is scattering efficiency per unit

for grating formation is defined as the fractional amount time and tha is the number of phonons emitted per unit
of refractive-index change created per phonon emitted. A time, we find that 'N. for the Eu3 '-dapd sample is
theoretical expression for this is derived below. T s x 10-2 and for the Pr -doped sample 4.10 × 0 -.

The wavelengths used to write the LIG's are different in ing efficiency per phonon is 10 times stronger than in the
each sample. In the Pr 3 -doped sample an excitation ing een mpe.
wavelength of 488.0 nm was used, which had a power den- Eu sd-doped sample.
sity of 62.5 W/cm' when focused inside the sample. The This difference in ability to form the LIG was unex-
Eu 3 '-doped sample was excited with a wavelength of pected in terms of the two-level system model. One
465.8 nm and a power density of 20 W/cm 2. The absorp- parameter that affects grating formation is the asymme-
tion coefficients were 5.4 cm - ' for the Pr3 *-doped sample try, given in Eq. (11), which is a measure of the difference
and 3.78 cm - ' for the Eu 3 -doped sample. The number of in energy between the two wells. mle asymmetry was
photons absorbed per unit time can then be calculated for predicted to be the same for the two samples, and men-
each sample. These are 1.53 x 1017 sec - ' for the Eu3 *- surements confirmed this prediction. Therefore the dif-

doped sample and 1.08 x 10' a sec - ' for the Pr3 -doped ference in grating-forming ability does not seem to be
dopede.sa le a s 18 fr battributable to the asymmetry. Another parameter in-
sample. These values are far below those needed to pro- volved in grating formation is the barrier height between
duce a saturation of the abtion ion of the rare-earth ions the two wells. The barrier height, V, in Eq. (11), is part of
in the interaction region.

To calculate the number of phonons produced for each an adjustable parameter, which also contains d, the con-

rare-earth ion that is excited, several assumptions need to figuration coordinate distance. However, it seems thatrar-eath on hatis xciedsevralassmptonsnee to both of these parameters, like the asymmetry, should be

be made. First, it has been reported that in these types rlte o the glas tn o the rse-rh in

of silicate glass the highest-energy phonons available have related to the glass host and not to the rare-earth ion.

energies of approximately 1000 cm-.' Thus the as- The final possibility is that the origin of tbe refractive-

sumption is made that the nonradiative energy emitted index change in the two potential wells is associated with

when the rare-earth ion relaxes will be in the form of differences in the polarizabilities of the rare-earth ions in
different local environments. In this case the lhrJ' adl

1000 cm -' phonons. The second assumption concerns the dint lol niroment ch and

relaxation channel followed by the rare-earth ion. In the Eu ions would need to experience different changes in

case of the Eu3 * ion, measurements have shown that no polarizabilities when they move between the two wells.
radiative relaxation occurs from the 'D2 or 'Dl levels.r  This would create a difference in grating-forming ability.

Thus the Eu 3' ion, which is excited into the 5D2 level, is The variation of the polarizability of Nd ions f'on hlst

assumed to relax nonradiatively to the 5Do metastable to host was recently investigated by four-wave mix-

state. From this level the Eu3 ion relaxes radiatively to ing." The observed change in polarizability that is due
the. F r level. The final step occurs nonradiatively with to optical pumping is significantly greater than tile well-
the rel. the F , ste o n o ndia t te . to-well change observed here. Thus it appears that this
the relaxation from the 7F1 state to the 7F0 ground state. difference in polarizability might be the originl uf the

The nonradiative relaxation mentioned in the above pro- difference f the to otentile

cess generates approximately 4000 cm -' of energy, which refractive-index difference of the two itntial wells

is emitted in the form of four high-energy phonons. observed in these experiments. This pssibility will he

For the PrJ ion, which is excited into the 'P0 state, fluo- investigated in future experiments.

rescence measurements show that the majority of the fluo- In conclusion, we have presented results on the fjirma-

rescence occurs from the 'P 0-
3 F2z transition. Relaxation tion of laser-induced holographic gratings in l'r ' - and

then occurs by nonradiative relaxation from the 'F2 state Eu 3*-doped glasses. Characteristics If the LI]G inI Pr'-

to the 'H, ground state. Thus it is assumed that on aver- doped silicate glass were discussed and found to be similarto te a goun stte.Thu it s asumd tat n aer- to those seen in Eu 4 -doped glasses. Explanations have

age every ion produces an amount of nonradiative energy been presented for the lack of grating formation ih av

equivalent to the energy gap between these two states. an pdeseoed g e d the a bsnc of igh-
The energy of this gap is approximately 5000 cm - ', so and Nd-doped glasses based on the absence of high-
that five high-energy phonons are produced for each energy phonons. Comparisons between experimental
Prt ion excitedn values of the activation energy for grating formatihi adl

those predicted by the two-level system inodl were con-
Using the above assumptions, we found that there are ducted, and it was found that the tw(o-level system inodel

6.12 x 10" phonons/sec produced in the Eu3 '-doped sam-
pie and 5.40 x 10'8 phonons/sec produced in the Pr J '- is quite accurate in predicting these valuies.

doped sample at these power levels. ACKNOWLEDGMENT
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a reprint from Applied Optics

Optical applications of laser-induced gratings in Eu doped
glasses

Edward G. Behrens, Richard C. Powell, and Douglas H. Blackburn

Laser-induced changes in the refractive index are used to create superimposed transient population gralioIgs
and permanent structural gratings in Eu :l doped silicate and phosphate glasses. Potential uses hr lhese
laser-induced gratings (LIGs) are investigated. First, the structural gratings are shown to he lpermanent at
room temperature and their use as a holographic storage medium is discussed. Second, a pernianent l.l(I of
this type is used to demultiplex multifrequency laser beams, demonstrating its use as a tunable line filter.
Third, the transient LIG is used to modulate the amplitudeof a laser beam which is passedl through thesample
and scatters off the permanent L[G. This resulIts in information being transferred from one beam In ai hUuer
beam. It was found that thermal lensing plays an important role in the formation of this type of perianout
LIG and a procedure for determining the tilt angle of the fringes of the IAG is discussed. 0

I. Introduction II. Experimental Conliguration

In the past decade there has been a dramatic in- The experimental configuration used to form the
crease in interest in optical devices resulting from the LIGs has been reported previously. '- The outputofa
emerging applications of optical technology. These cw Ar-ion laser tuned to 4658 A is split into two write
devices rely on the interaction of light with matter and beams and crossed inside the sample at an angle 20,.
bone of them are created by optical interference meth- In the region in which the beams overlap a sintisoidal
ods. Examples of the this type include photooptical interference pattern of the light intensity is created.
switches,' narrowband waveguide reflection filters,2  This produces a modulation of the optical prol)erties of
and opto-optical deflectors.; We have studied the the sample which will have the same sinusoidal pattern
interaction of laser light with Eu31 doped glasses and as that of the light intensity. This region is then
reported the formation of superimposed permanent probed with a third beam which sees the variation in
and transient laser-induced refractive index gratings the optical properties as a refractive index grating. A
(LIGs).'- 7 We suggest several uses for these types of mirror mounted on a translational base which can
grating in glasses. move parallel to the sample is placed between the

In Sec. II the experimental configuration used to probe laser and the sample. This facilitates proper
write the LIGs is disctssed. The formation of the alignment of the probe beam and allows the angle
LIGs is the same regardless of the planned application. between the probe beam and the perpendicular to ti
Section III discusses three of the possible applications sample to be monitored. The probe beam, with a
of LIGs in these glasses. The characteristics of these wavelength in the sample ,\,,, is reflected off this mirror
LIGs relevant to their use for holographic information and onto the sample at an angle ,l, from the perpenlic-
storage, frequency selective filtering, and beam-to- ular to the sample. When this probe beam is properly
beam information transfer through amplitude modu- aligned, a fourth beam, the signal beam, will be dif-
lation are described. fracted from the LIG. This signal beam carries infor-

mation regarding the LIG and is monitored with a
photomultiplier tube and recorded on a strip-chart
recorder.

The samples used in these experiments are ordinary

Douglas Blackburn is with U.S. Institute National Institute of' phosphate and silicate glasses which have been doped
Szandard: & 'cchie' gy, (:aithersjurg, Mary!and 20899; !he ,,,hr with Eu a t ions. In the information storage and de-
authors are with Oklahoma State I hniversity, Physics l)epartuuent, multiplexing experiments a phosphate glass wit It con-
Stillwater, Oklahoma 74078-0-14.1. position 10 Eu(PO:0: and 90 La(PO1 ).1 was tised. It

Received 21)hine 1989 the signal modulation experiment the sample was a

10April 1990 / Vol. 29. No. 11 / APPLIED OPTICS 1619



silicate glass with icomposition 70 SiO.., 15 Li., 5 Z O, 1 00

5 BaO, and 5 EIJ.2:,O All compositions are in inol %.
For convenience these samples will be referred to as
Ell and LS, respectively. Both samples display the D,5
same I lW char,'t-ristic9 so either one could have "
been ised for any of the experiments. The laser wave-
length used for writing the gratings is in resonance 0 ,

with the lo-A).l absorption transition of the Eu:I 1
ions.

0 25

Ill. Results

A. -oloiaiphic Information Storage

'The time evolution of a [IG is reflected in the inten- oo 50 0 o ,5 o

sity of the signal beam and for the type of gratings of ,,E ,
interest here this time dependence is displayed in Fig. Fig. 1. Time evolution of LIG signal intensity in the El' glass

1. When the write beams are turned off the grating sample.
decays with a rate equal to the decay rate of the 'Do
excited state of the Eu' + ion.'. However, the signal
does not return to zero but rather to approximately crystals consider the required properties of photore-
60% of its original value due to the formation of a fractive crystals for holographic applications as pro-
permanent grating. The permanent grating can then posed by Gunter and Huignard. 9 The properties are:
be erased thermally by heating the sample to tempera- 1. sensitivity,
tures above room temperature or it can be erased opti- 2. dynamic range,
callv by illminating the grating with a single beam 3. recording and erasure time,
trued in r(sonace with the 7Fn-D.- ahsorption tranl- 4. laser wavelength for inducing refractive index

si lion ) I thel E' ion. No grating formation or erasure change,
oruurs if lhe ibeams are not in resonance with the _1F- 5. resolution, and
l ), hsorpl ion i ransition. 6. room temperature operation.

A inodel was proposed to explain these gratings in There are two figures of merit used to determine the
which tie network former and network modifier ions photorefractive sensitivity. In the first case the pho-
of Ihe glass host can arrange themselves into two dif- torefractive sensitivity is given by
ferent configurations in the local environment of the an,
Eu' ion.' This leads to a double-minima potential S,,, = (1)

well for the ELF" electronic energy levels. It is as- dw

sutmed that the material possesses a different index of which is defined as the change in refractive index per
refraction depending on which configuration is absorbed energy and volume. Values between roughly
present. When the Eu' + ion relaxes nonradiatively 5 X 10a J/cmt and 20 X 10: J/cm3 have been found for
f rom the "D., level to the 5'Do level several high energy S,.1' in photorefractive crystals. Although the refrac-
photiois are created. The local heating produced by tive index change in rare earth doped glasses using low
the vibrational modes can produce a change in the power laser beams is of the order of 10- t to 10-1, which
st ructtire of the local environment of the Eu:'+ ion by is roughly the same as in LiNbO:,, the long time needed
causing t lie ions to move from one equilibrium configu- to produce this change drastically, reduces the sensitiv-
ration to the other. ity. Rough calculations give S, for rare earth doped
The results demonstrate that permanent holograph- glasses to be 9600 X 10' J/cm', which is 3 orders of

ic images can be written in rare earth doped phosphate magnitude larger than in photorefractive crystals.
and silicate glasses using this technique. Since the However, the second definition, which is more practi-
mechanism responsible for the formation of the per- cal in characterizing the holographic recording poten-
manent LIG involves structural changes which are tial, defines the photorefractive sensitivity as9

stable at room temperature, these images have an infi- d(,1112) 1

nite fading time. These holograms have many appli- ST,= d x 2.

cations in areas such as optical information processing dw d

and medical imaging where long-time information where I/ is the diffraction efficiency and d is the sample
storage is important. Even though the response time thickness. This equation states that the sensitivity is
of the material is too slow for real time processing the the change in diffraction efficiency per unit absorbed
room temperature stability makes it important for energy and volume. Since diffraction efficiencies as
read oly applications. This is a significant advantage high as 25% have been observed in these glasses 1,' a
over many photorefractive crystals which are currently value of 19.2 mJ/cm 2 is calculated for S7, a as compared
being used in these applications, to values which range from 2.5-1000 mJ/cm 2 for pho-
To contrast the advantages and disadvantages of torefractive crystals. In this case the rare earth doped

these rare earth doped glasses over photorefractive glasses compare favorably to photforefractive crystals.
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As mentioned in the above paragraph the maximum n.5
change in the refractive index in the rare earth doped
glasses has been measured to range from 10- 3 to 10- 5.

This is identical to the results reported for LiNbO3 and

is in the range of values reported for numerous other
photoretractive crystals. 2 lip,

Perhaps the main differences between photorefrac- 20 A,

tive crystals and rare earth doped glasses occur in the
recording and erasure time of the grating. In photore-
fractive crystals, the refractive index changes are due
to electrooptic effects driven by space charge fields and
the time to record a grating depends in thc efficiency of'
the charge generation and transport process. Howev- Fig.2. Definition of parameters in tle grating lorni•aiou prees:

er, in the rare earth doped glass the refractive index ),.,is the write beam wavelength in the sample; 2)is Ilie wrile cuain
change is due to a rearrangement of the structure in the crossing angle ii air: I i. ie index of refraction oft he IS samnulC; 2),

local environment of the rare earth ion. This requires is the write beam crossing angle inside the sample; and .\.. is the
a large amount of vibrational energy and a long time is laser-induced graLtzg wavelength.
needed for the grating buildup. Thus, the time re-
quired to produce the refractive index change men-
tioned above is several orders of magnitude larger in
rare earth doped glasses than in photorefractive crys-
tals. The same time scales are also observed for grat- 0
ing erasure.In most cases the laser wavelengths required to pro-

dute the refractive index changes range from the near
UV to the near infrared for photorefractive crystals.
For the rare earth doped glasses investigated up to this _ s
time, the required laser wavelengths are in the visible --- - - L
region of the spectrum and have been accessible using
a common Ar-ion laser. A unique wavelength is re-
quired for the rare earth doped glasses, whereas a
range of wavelengths can generally be used for photor-
efractive crystals. M

Finally, the most important difference between

these materials occurs in their room temperature oper- Fig. 3. Definition tf irameters in Ihe probe portinn of t he xlri-

ation. Photorefractive crystals possess a volatile ment. , is the probe beam wavelengl bhin lheie anipllu, I aidPn I

memory at room temperature and must undergo fixing the angles between the probe beam and the perpendict'lar to lhe

methods to avoid dark erasure at room temperature. sample in air and in the simple, respectively.

On the other hand, the memory in rare earth doped
glasses is permanent at room temperature because of written in the EP glass sample. The angle between the 9
the structural phase change responsible for the refrac- write beams, 20A was measured to be 2.22' in air or,
tive index change. Also, as long as the probe beam is with an index of refraction of 1.5 for the glass, 1.480
not in resonance with a rare earth absorption transi- inside the sample, which is defined as 20s. The grating
tion no erasure will occur during readout of holograms. spacing, which is the distance between the fringes of

From the above comparisons it can be seen that the the LIG, is designated as A1;. The definition of these
rare earth doped glasses have certain advantages over parameters is displayed in Fig. 2.
photorefractive crystals in applications that require The LIG was probed with both a He-Ne laser and 0
long time storage, rodm temperature operation, and several different lines of an Ar-ion laser. The strength
multiple readings of holographic gratings. For appli- of the probe beam was kept under 15 mW and out of
cations that require a relatively fast response time, the resonance with the 7F 0-

5 D., Eu3+ absorption transi-
photorefractive crystals possess the advantage. As tion to insure no erasure of the LIG. The geometry of
will be mentioned below, the response time of rare the probe portion of the experiment is presented in
earth doped glasses depends on the decay kinetics of Fig.3. The alignmentofthe probe beam for maximum
the rare earth ion. Finding a rare earth ion that dis- scattering efficiency is determined by the probe beam
plays faster decay parameters will increase the re- wavelength and the wavelength of the LIG.
sponse time and may become comparable to those in To determine the spatial displacement of the probe
photorefractive crystals. beam, its intensity was measured as a function of its

angle of incidence D.4. This measurement was per-
B. Demultiplexing Results formed with probe beam wavelengths in air of' 632.8,

To investigate the demultiplexing properties of the 514.5, 501.7, 496.5, 488.0, and 476.5 nmn. Figure 4
LIG in these types of glasses a permanent grating was displays the results where ', has been converted to ,I. 0
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Fig I lI ensi Iv ,Jn.ol cr-indhted grat I ing signal as a function of the Fig. 5. Angle in tlie sample at which maximum scattering intensity
i,tle let wevo the probe hean and the perpendicular to the sample. occurs vs probe beam wavelength in the sample.

'IliP svmbols correRomnd to: M, 632.8 nm; 0, 488.0 run.

and, ftr clarity only, the results from probe beam
wavelengs ih :4" 632.8 and 514.5 nm are displayed. It N
should lie pointed out that the same type of behavior -S
was othserved for all probe beam wavolengths with a
shift in tlhe angle for maximum scattering. It is seen
that as , is varied, the signal intensity increases from
zero to a maximunm then decreases back to zero as
witild he expected for Bragg scattering. N

Figure 5 displays the probe beam wavelength in the Fig. 6. Definition of Bragg angle and other i. -lea involved in the
sample, A,, vs the angle +s. at which maximum signal grating spacing calculation.
intensity occurs. As the probe beam wavelength de-
creases, the angle at which maximum signal intensity
occurs also decreases. This is described by the Bragg AX,
seat tering equationI')  A =2A+,; (7)

nX, = 2,; sin(3) The solid line in Fig. 5 represents the best fit to the

where A,, is the probe beam wavelength, A(; is the data and the slope of the line gives
wavelength of the LIG grating, and ('I, is the Bragg
angle. For the experiments performed here, the val- m = (8)
ties of ,PIs plotted in Fig. 5 may not represent the Bragg
angle ,I. If the fringes of the LIG are not perpendicu- so that the wavelength of the permanent grating is
lar to the sample surface, 'P.s will not be equal to (Do. If I
the fringes of the LIG make an angle V" to the perpen- A,; 2mn 19)
dicular to the sample surface, the Bragg angle will be
'1,,, = 'Ps - V" as is displayed in Fig. 6. The slope of the solid line in Fig. 5 was found to be

'I'To correct for this the Bragg angle 4',( must be re- 0.0214 jim corresponding to a grating spacing of 23.364
placed with ,Iis - '. It is unlikely that V" will be gm. To check this value the grating spacing of the
known accurately, thus consider the case of two probe sinusoidal light interference pattern was calculated.
beams X,, and X,,2 which have two separate Bragg This is also given by Bragg's law and will exhibit a
angles '', and %,on,. Since only ('s is changing, V' will wavelength of
remain the same for both beams so that Xt

., - 2A,; sinl, -It ) (4)

2h, -'). where Aw is the write beam wavelength. For a write
beam wavelength of 0.3105 jum and crossing angle of

For small angles sin(,; - I') = (,Ds - 4). Taking the 0.0258 radians the waveleng.h of the sinusoidal inter-
difference between these two equations gives ference pattern should be '2.022 gm. It is seen that

AX, ~ (6) the LIG apparently displays a wavelength approxi-
mately twice that of the sinusoidal laser interference

Thus, the grating spacing is given by pattern.

1622 APPLIED OPTICS / Vol. 29. No. 11 / 10 AprIl 1990



It has been shown that the Eu: *-doped phosphate
glasses exhibit thermal lensing.' When illuminated
with a single beam tuned in resonance with the 7F,-5 D.2 Eu:I+ absorption transition, a permanent change is
produced in the refractive index of these glasses. The
change in t,. refract ve index is proportional to the
change in the temperature of the glass. This tempera- 2Gs
ture profile can be approximated by a parabola, pro-
ducing an effective thin lens with a positive focal >

length. In the crossed beam configuration, each beam 20 s -

will produce its own thermal lens. This will result in a
new crossing angle 2 0 .,; as shown in Fig. 7 and produce a
change in the wavelength of the laser interference pat-
tern.

We can predict the change in the crossing angle of
the write beams by considering the thermal lens to act
as anl effective positive focal length lens placed in the Fig. 7. Definition of' angles involved in thermal lcu.iIg prcv.';

path of each beam. The focal length can be calculated 2o is the write beam crossing angle in tie sample wilhoul thermaI

by using a method similar to that used in Durville's lensing; 20. is writed bearn angle with thermal l*Ililig.

experiments.
In the long time limit the focal length of the effective

lens is given by's The demultiplexing of the various frequencies of
laser beams by the LIG demonstrates the ability of

- T using these holographic gratings as frequency selective
= T553P A notch filters. The filter can be tuned to different

frequencies by rotating the sample to different angles.
By stacking different holographic gratings in the same

where k = thermal conductivity material, several laser beams of different frequencies
w = beam waist can be filtered simultaneously at the same angle of
P = beam power incidence. The limiting factor to the resolution of
A = absorbance of sample, and such a device is the fringe spacing of the LIG and
an . change in efractive index per change in gratings can be formed with spacings more than ami
aT temperature. order of mangitude smaller than that ofr the grating

Here k, A and (an)/(dT) are properties of the sample used in these experiments.
and will be the same in both experiments. This leads
to a focal length of C. Signal Modulation

The final experiment performed was to demonstrate
=( 12) amplitude modulation of the LIG signal. After writ-

p1,1VI ing the LIG as described in Sec. 11, the write beams

where the D subscripts refer to the values quoted in were turned on and off randomly. The result was an
and the B subscripts refer to the values in this experi- amplitude modulation of the signal beam as shown in

mnent. With ivli = 0.5 mm and Pj, = 0.07 W, a focal Fig. 8. The top portion of the figure displays the time
length of 38.563 mm is found. From this, the change in dependence of the write beams. The time scale of the
Os can be calculated and a new value for the wave- experiment was approximately two minutes. The
length of the laser interference pattern of 24.109 4m is middle section depicts the intensity of the probe beam.
calculated. This is in good agreement with the wave- As can be seen, the probe beam is stable at a constant
length of the LIG found from Eq. (7). amplitude before interacting with the LIG. The hot-

lenth itom section of Fig. 8 displays the time dependence ofIt is also possible h calculate the tilt angle ' shown thinesyofheigabamwicisnamltd

in Fig. 6. From the intensity of thesignal beam, which is an amplitude
modulation of a constant beam.

'' = '), sin(,'P - (13) The time dependence of the intensity has been dis-
cussed previously and is given by'

and with the small angle approximation, the tilt angle C peos + 1s gie y

will be given by l(t) = I'm + 2,

= . -. where I, and 1, represent the transient and permanent
S,,) contributions to the intensity. Thus, when the write

beams are on a total signal intensity of I = I + 1, will be
For this experiment a tilt angle of 5.860 X 10- 1 rad is measured; however, when the write beams are turned
found. Notice that if N. is measured from a reference off the transient signal will decay leaving a total iten-
other than the perpendicular to the sample, this will sity of I = I.,. The decay will be exponential with the
give the angle between the fringes and the reference. decay time of the transient grating.
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10the relaxation of thle I'D. metastable state which has a
~--1 Ilifetime of the order of microseconds. This will pro-

5 IIduce an increase of 3 orders of magnitude in thle re-
I I sponse time of the transient grating compared with the

S I i, Eu"' doped glasses. This will allow for a faster ampli-
tude modulation rate of light beams passing through

:1O-_______ the sample. Howev-er, thieresponise timneof theperma-

I inent holographic grating is still very slow in P03 + doped
5~ glasses.

The above results are important when considering
C 0these glasses for potential optical devices. The type of

* ________________________glasses used in this work include common silicate
glasses which canl be made into fibers, and thus these

5 LIG devices can be used in fiber optic systems. A
-A -D better knowledge of thle microscopic structural change

associated with the permanent LIG in these glasses
0 'Lwill allow for optimization of these materials for specif-

*Time (orb. units) ic use.

I iv M4 viwiii .-pf oklmnto write,lprulie, nod sigtnl leieni jteoisi- This research was supported by the U.S. Army Re-
i I( III f ,,li hlai iou expierimnent. search Office.
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Four-wave-mnixing techniques were used to produce permanent laser-iniduced refractive indlex
gratinigs lin EuI -doped silicate glasses. These gratings are associated with a thermally induced
chaiige in thie local glass structure at thle Site ot the 1:L1 i0hs, leadinig to at douleI-IIi IIIIIui

patent al well ftor the electrionic energy levels of thle Eui' ions. 'The effects onI tie
characteristics of lte permanent laser-induced gratings produced by chaniginig the divalleiit
moditier ions of the glass h os t are reported a i d a t heoret ical ioded is presented to ex pl thile
physical origini of tihe change inl thle refractive index of the material.

1. INTRODUCTION Permanent laser-ilIduced grat ings were \vii tcii Ill cacti

'rhe observation of perniatient laser-induIced gratings lin sample at room temiperatu.re using cros.Sed winle be I'101r1
Eui -dojped glasses using four-wave-mnixing ( FWM ) tech- a c.w. argon-ion laser tuned to thle 465 .8 inn i line lin otidci it)
iliques was reported previously.' These gratings were pro- resonantly excite thle 5D, level 01 the Eui ' ions. I lie two
duced by resonant excitation of the Eu' 'otis itnto the 'D, write beams, each having at power of 31) iiW, weie tfciscd to
level. A model was proposed' -'to explain the formation of beatm watists of 400p i aiid superimposed isie iesiiC ,11i pc
these gratings based oti a thermally induced change lin the at a crossing angle of about 3'. Thie scat teritig oticiciicy ill
local gliass structure at the site oh the Eu' I ions. This results these gratings was measured using a lie-Ne laser at t)32.h ni
ii tile description of each electronic level of the Eu '' ions in as tile probe beam, which was flocused to a waist iif2(X)ijn

terms ol'a double-utinitim potentia) welJ. The model ats- atnd had a power of 5 mW. The experimnitat settup was lie
sumes that the index of refraction of thle material changes, same as reported previously.' 'Fle writing (itle ot' the grat-
depenin ig oil w hich potential well is occupied by the ELI' ing was about 15 miin.

101S.It was found that the seat teriing efficiency of (lie laser-
I-.aser-iiiduced refract ive indlex gratings in Eu' -dope~d induced gratings decreased as file mass of Ilite miniiier iout

glsss alre linportlaiit whenl considering Such glasses f -or opit - in creased. Figure I displays a plot ofttic experimieintal %values"

cal devices. Several potential uses othese types,, ot gratings of(i alenglicnyvrsslteclodmss11lc
have been demoiset-ated ' including holographic storage, de- moditier and tlie rare earth Ion[teoldheepshNili
miultiplexing muiltifrequenICY laser beams, and beam-to- theoretical lit to lite experimetal data as ;.tilamcdIliel ii Sec
beam intorination transfer. fIn addition, silicate glasses canl Tetmea iedpnec f i ae-nuc~sga
he miade Into tibers and thtus devices based on laser-inducedThtepiairdpeeicofieas-iilid iil
gratings lin Eu' '-doped silicate glasses can be used lin fiber intenisity il lte M~g glass Samplle wias iiieasitreil ;1t ICIII)c-il-
Optics Systems. luires below and( above room teniperatmie. For lo\k ictipcfra-

lit the work reported here we extend thle previous ins ltire mteasurements thle sample was iniied ill ia cryoi
Hgatim'ii2 by describing tile variation of thle FWN1 signtal andt the temperature was controlled using a CTl-Cyogiaeiie 0
intensity ot a series of ELI' ' -doped silicate glasses with dif-
f'crciit divaleint alkaline network miodifier ioiis. The tempera- ' IH otIp) tilo ll JIIIll III N !,I
iiie depeindenice ot the signal fromn one of thle samples was itLtC'pmi' mgis-.mjmcmmcmi.ii

Iicasiti ed anld at I licoVCetia explaia~ioii1 1'or thle change ill (lie
Smimiptc ,still ' i i' (111"

I fractive Iuidex associated withI thle dmtiie-iiitiiiiuu poteii- Smjil Ncmi, Im imim No:I\mmmi mmmmmmimii, .,I~ its
naf siell mlodel is de\ eloped.

\igglm-,., (mm 15 N., i i

II. EXPERIMENTAL RESULTS 15 NtI/0i

File effect ot different diValleii networ-k mo1difier ioiis on I I( A
the c ha raci erist (cs ot'i-perniaiieiit laser-i ndttced grat ings Was /i ll h 105(i I N., t

-,tmidiCd Ill live 17.u -doped slicate glasses With ideiical,1 I /m

cmii~miimis exLcfi i i i mile mm omdlm.. .... 'I wiichi wis Chianigedl gh-~~ mi

11t1immigli ai WeI es mot dI ialcim Ia ,iliiie cliicilis. "0g, ca, Zii. I ~ N,'
St, 11f t1,i. (tie cmiimmi mmm I ml i(d s gl~tsis' are :isied Ill m
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i- ielc glass sitIucte I lit te ol it Eu' ' is.1 'Ihis

can atr rangc thI em, selvyes in tw pvoRss ible conIi gu rattins lead -
ing to different local ctvirottiictts surroundig the Fiu'

in ionts. Each st metural arratigemien Itas a differeti retract ive
index. T'is results inl dotible-tiitia potential wvells for tile

U electronic energy levels of' the Eu'I ions. It is also assumed
mtliltt the heat genierated through radiaitiouless decay of' the

50 cxcitecd Eul' Iions is rcsponusible for the laser-i udti eu

ii- change ill [lhe local structure of'the glass host.' This can hie
pictured ats (lic Eu' Iions movinig f'romi one potential well

50 100 iSO in~inini to the oilier. s'l oe
0 5 M~q (0-4g 10 50Using tlte doitble-iniium poteittial welmdlto ex-

t~ftss(10 g)plaiti perinent laser-induced gr-atinigs in (the Eul'' -dolled

I( Ii I IMI Iml liI s litc i t i a l-iliiiitced pecilllici gaiilgs ;I ;I glasses investigated here, file effective scattering efficicuicy of'

Imkimsn 4i list ItlolIll' A~ tIile ;IlkjiII Cthllidtlic, los itl sale these gratinigs is givenl by 2

i/cc F)~It A + _k I'~ E) Fau

closed CVCI l lihi i refrigerator and a Lake Shore Cryotronl- x e.p[ -(2,t1/i) ])(2)
ucstuoilStI ieipiatittc ontoler.IorItglitetipratre where An11., is thle change i n refract ive index per ioni , is is

iticsmoclienis t lie satnile was mounlded iii a resistance hecat- I lie attack f'requency (dthe number of'altemiptsan ioni iii well
ed ii nae ~'i I a 'ritil- liitel hemocupe. helasr- 1011) makes to surmiount thie potential height of'that well),
titlticilsigal ictsit isplotedverus eitpertur inFig ta 0 = A sA, being the coupling eulergy2 and A6 flie

.1 A" can hc seenl Im te graph, thle signal int~ensity ill- asynnetI ry (Ilthe dIilfesretice inl thle iiiiaor thle iwo poe)I cII-

t('ISi ;1se is icICuiita d(clC.CaSe. thereI' is a1 chan11ge ill tial wells), k is thle force constant of'tle ittitial cotitigiiration.
%[(tile hewcthigh MIid low ictlea Itre'gi0Ins. 'Itle solid m, tilie mass of' (lie ion popuilating thie well, d' is (lie distane
liitcs in ii g. 2 L0 Cu;irrpitd to inl expoliCeittia v;IIiIiaIio (ot tile between tlie munima of well I anid well 11 and 1/, thle potential
signial tIItcIItsit givenl by2 harrier betwveeni the two svells.2 TIhe value used f'or In in Eq.

1 7-- /,, c xp1t A/A- *'), (1I) (2) was the redutced mass of' (lie divalenit modifier ioni and

im %;s *iaie~ig.'i xeietlvle rare earth iont f'or each of' the sanmples investigated. Al-

oiicdIre A a e 2ctvaio enry 1 m Fthe xp em eataue though, realistically there are mnty iotns moving and thus

icio ii d Fur o 0 r .25 ," 10' ctm f'o thle ligh temlperature contribliitg to the Formation of' the two equilibrium config-
I egnitandabot (.25~: t) iii l~i th lo teliprattre urations, we consider in this model that (lie tmain source of'
eg 'ii(lte double-minimium potential well is the change inl positionl

of' the divalenit modifier ion and( thle rare-earth ion. Th'le
Ill. INTERPRETATION OF RESULTS change in position of' all oliher ioiis is coisidered lo be very

I te idcl pI optosed previouisly to explainl laser-induced small, so thiat their contribution to the double-tiiinini po-

pie fiatilitl gi at tugs is tldsed oni thecrmally iniiced chaniges ictitial well is negligible. Equation (2) wvas fit to thie experi-
mental values of' the scatterinig ehiciency treating IAn,, 1,i~

i h i',fk / /( k,ju ai 0), and dI(211';,1h" /f n''s adljutstable

00 patramteters. The solid lute itn Fig. I represenits thle best It to
thle experimental data where tilie values f'ound for tilie adjus-

- 50 -table parameters are:

0 jAn,,., 1' =1.58 + 0).0)5) > 10 44

V =15.6 +h (0.5,

5 /d(2l/v)' = 2.55 ±- 0. 10) x toil g, I

The3 setisit ivity of' (ilie fit to these values of' thle adjustable
/ paramieters is expressed by thle + error bats giveti above.

Thie conistanit of'proportiotiality iii Eq ( 2) was calculat-

2 6 3 2 38 4 . 5.6 6.2 ed using thec fact that thle scatterinig etficieticy of the FWNI

t/T (~ K~tsigiial is giveni, to a first o'pproximatimi, by4

)/ 103K11 exp( - 2a,,F) T2 F'(An, l2  (3)

1ii. 2 ,1st 1t . ro-isclk sligu ill tle Nig gh su apl hI s lere f-= D /cos 2(2.where I)= gratitig tliiekess, 2(2 anl-
I rind ri .I ci ii gle hietwveti t(lie write beams Ii thle siniple, A = waveleithI
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Sa pl (>I,10' c i ( x 10') I(xtloll) AX 10"') A,, ( .c )/I', (0) (A)

Nigt glass 1.72 6.84 0.012 6.82 to(' p) 00

Ca glas% 11.99 4.59 0.49 4.10 1.89 000 I

Z11 glas% 0 57 5.25 2.55 2.710 0151 008
Sr glass 0(.41 7.59 5.11 2.48 0.3.1 0,01'

lil glass (.26 5.52 4.5(0 1.0(2 0.19 0.12

of ( lie write beams, A,, 1 =modulat ion of t le refractive or A,. listed 10 Table 11. I lowever, coitsideriiig t be sioiplicit y
index oft be sam pie, al, a bso rption coefficient1 oftI e samii- of Ilite imodel used liere to descibe a comiiple x ph ysicalI s ys-

ple at tlie wrile beamn freciuenucy. tem, tlie experimental and calculated vallues tor A. are close
t1hle valuies ofi(lie adljuisiable p~aameters were used ill enough. Similar resuilts were oblijed for tlie glasses withI

Eqs. (7) and (24) from Rkef. 2 to calculate the ditkerenie ill inovalent iodjhier imils. li thia( work it was deuionstri-
tile miuimia of thie two wells, A,., the populatioii of well I ed that thie measured activatijiii energy decreased with ill-

betOre excitation, N, (0)) (initially all ions are assumed 2 to be creasing mass of lte modifier ion Ii lte same wvay as tlie
inl well I), and thle ppulationI Of each well after the system asymmetry Iliictor. Sinice this dependence is already estab-
has reached equilibrium, N, i ( oo), for each of the samples lished, we (lid not repeat temperature dCpnldcitcc itleaSture-
investigated in t his work. The values oft hese parameters are ments onl all of the sam ples withI divaleim modifier ions butl
listed in Table 11. It is observed that thie asymmetry de- onily used one samp~le to again d1cnioniirate Ilite equivalecec
creases as lte mass of thle divalent modifier ion increases, of AE,, and 2A,, in t his set of sam ples.
This same trend was reported 2 in a series of silicate glasses
with different mionovalent modihier ioiis and was attributed IV. THEORETICAL MODEL
to lte fact that tile glass becomes more ordered as lte radiuIs One important aiSSUIiiptionl Made ill tile dIOUCiblini-
oftI lie miodifier ion increases and therefore thle possibility for mumi potential wvell model is that lte refractive index of the
multiple configuraionls decreases. mai~terial is different for thle two possible local comiliguratiniis,

The decrease in thie difference between the two potetitial that is it depends oii which potential miniiumn is occupied by
miniima iii thle samples with heavier nmodifier ions is iln indi- [lie ELI'' ionls.1.2 This change inl thle refractive intdex needs
cation of tile fact thiat there is less thermally induced change to be theoretically explained atid evaluated.
in thie local glass structure. liecau1se oftltis, it is more difictilt. Startitg from tlie Clausitis-M'vossotti eqliatioi, thie
to trpions in well I I in these samples. This is shown in Table change in refractive indexAtrp, b,~,etwseen thle tIwio configii-
11 by the decrease inl the ratio N,,~ ( w )IN, (0) as the mass of rations can be related to tlie change iii thie polatizability,
the modifier ion increases. Au,,, of tile E'-- ' ions in Col iigualiiii I I as' Coiipared to

Using t[lie valu te obt a ined for lit e last adjustable pa rai- eo igiatiumIb
ce r, it is possible to a pproximiatc2  lie dist ance, (1, bet weii lfgraillIb

dlie Iwo potential mlinimla, which is at measure of the average A//.. = C 2,ri0_ I/ N_. Au(,,. 1-4

tlistaiice the ions inove. Ibis dlistanice varies from 0.014 A for where/ z - (n- + 2 )13 is Ilite Lorcit, held coticci iooi aiil
lte M~g glass samiple to I0. 12 X For lte Ila glass sample, is N_, is the ninhier denisiiy ofithe Fit ious it, coiitigiiriloii
listed in Table IL. These siiialh values for d indicate tI hat, is 1I. Using lte numioerical vilts caulctilatcd Irloilmi Cuir etri-
iiidividuial ions or groups of ions move betwveeni te two pos- miental data for the chltge ini refractive iiidex per ionl A/1 1
sible equilibrium configurations, I and 11, the effect onl thie thie num1ber (IitlI 11tis dil e iviMoved to Wsell 11, N,, (t.. ), iitl
average configuration coordiiiate is very small, dite volume of interaction of the laser bcaiiis id~te tlie Saim-

The change inl refractive index per ion is 1.26x) 10 22, ple, thie change inl polarizability, AuI,,, is Calculated to bie
aind considering lte number ofiotis iliat accumulate in well 0.0 134 A '.
11, which is of the ordler of I X 10'', tlie total change inl thle Fora theoretical evaluatioii oftlie clmiingc ilpl iiiliihlil-
refractive index oftlie material is 1.26 X 10 ". This is coimsis- ity we uised tile miodecl developed by Powell ct al' to calcti-
tern with lte resuilts obtained for- silicate glasses withi imoiiii late ( lie chiaiige inl pola iiability oh the 'rI ,eXCited ',tale 0of
valeri miodlifier ions inl an eatrlier paper,2 where lte valuies I o Nd ' Ieomiparied tot hlat oft lic V_ , gr-oundl state loi\il ai ciy
An,, , IIand uhk l2(AFtii 0) Iwere found to bie of host iii1ilerials. lhey eoiisided thial I lie Nd 'Iloll wastI

1 0) \ 1 "I 'and 2.25> ix 10 ..g , respectively. (Thiese via1- iiuiltilcvCl SYSIl Iliid 11i;it the laSCr lI)Caiiis Lildi 11iltic
ties were reported iiicoi rect ly iii thie earlier paper.) with all possible ltranst'tiolls betweit li,,s e~ Hl. aving

From Sec 11 thle act ivatmloi energy for thle Mg glass saull- i ecogimized that thle 4'4/ i railsitiuis "hoi ow' intensity

plc for tlie high temiperature region Was fiound to hie I)roii d ie 4/5(/ and 41-iig I ransil ionis, I hey CSt iimacd I tilt thie
2.72 X 10' cm 'aiid since I lie activailoll energy is twice Itle hlaul Collitriblitoit) to thle chaniige ill [the poliiibili\I of, lite
asyninltry,2 this would give anl asymmetry of' 1.36X 10I' Nd' ion wats (lie to thle 41-Sd iiiicliois.
cm '. This value I-slightly lowver than lite calculated vadle I leie we consider thtat lte chiligc ill polm i/;,illbiy ott lie
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Eli tls III eOliitigiiiatiOn II ats clnilimcd~ to Colliliguiiiii[ Smailleri ' for t le ELI 'ions inc orporated inito a ho(st cliVi-
I is miainly due to the 4/-5I/ tranisitins which are tar froim roiii'elit. Thiis, ill Iurn. woiuld mteari that thie eniergy shift.%
iesOiiiliicu Miid I'.c bNi f'rout one cuitiguration to Ilie other may he soniewhial larger

-- .~ hani those calculated tisilig tile hree-ioit value for thle radial
integral. Even then, the results predicted hy this model are

( ~ ~ ~ ~ ~ ~ e (4j~1)K() raoable, since site-selectis spectroscopy has sho~wn' enl-
s iclr ith I~ciaIgc clucrgy'tthe 4/ '5d1 states, tis I lie erg>'y sits inl the 5d level of about 6.t000 cul ' frotm onle site

Cniicrg (1 tlie lasci phlois. v. , is the cuiergy ditferciee 0 theC liiipulrtty loll to allotle Il iii glass host. H owever, it is
betwe'cti tic !two cqiiilihiiIIIIIi eiiiiigiratioiis I and 11, and also true that the value of thie radial integral call chainge

I"s h t1n1L I nelt iiie conlstant. significantly duie to at change Ii local eiiviroiineit. It is
lFi~tirr. s',iw thie rclcvaiit energy levels of' the El' imipossible to tell fromt these resuilts wvletliei die change ini

oils~~~~~~~~~~~~~~~ li tI ~et.opslelcl otgiain ltegas te radial inttegrail oi- thle change lin thle position oiftIhe 5d level
n., %lilt lie I~o loalue C sed lin Eq r (5) wee thes mtakes thle doiiinit coil[tributioi otlie cltaiige ithielpolarf-ht.I and HI. Ilie iiiicical vlis ednE.()wrt izability. Both types of changes w'.ill coiitribute toi the oh)-

lice-ion1 sJil" Ie [ie lowecst 4j~ 'd level (if lie EuL ' free ion ServedI results.
is kii\ itiito be Itl 85,t)(tcii ' miid, duie to thie 20,000 cm '

5pli liiig 411 tie 5d level. the imeiidian iinergy oif thle 4I 5'I V. CONCLUSIONS
iiitlld is ;it abhoil '15,s0)) ciii Th[le valnle of thie radial usiing t[lie dobcniinnnpoteiitial well model tolex-

iloegi il (4/! 51 ) orM t tie EuI frce ion is' 0.41 A aiid plain peiraneit l;iser-induced gratigs iii Eul -dloped

'It,1 11 1 UsnL, tie %luc f At,,calulaed romthe glasses, at theoretical explaiiatioin was developed for thecxp)CIIIII iiiieiitil ieiil d Eq. (4 Iii Eq. (5), thie energy difl- chaiige iii the refractive iidex for different local structural
1'ereriec beft'.ccii t[lie tsv Coli I Otitirliat ionis is flolild to be cotiuatiotis offtlie Material. The chanlge ill the refractive

- 14 Itt iiiindex was ielated to the chaiige in) the polarizability of the
Siiice' I lie dlj'CeijCe betweCIt thle ground state eniergy of Eul' ' ionIs inl the tIWO types of COlitigilration., which inl tuLi1.

tilie 1:1i 'io lit coiltigmlaion 11 ats comipared to COIltigUra- Was Icalulated from thie experimnttal data toI be
linI wasI, clcilited io be 1.72 x[ 10' ciii Ifr the Mg glass .Ar,, =0.0134 A'. [lie cliaige iii refractive iiidex per ion a

saiile, as, listed Ili I able 11. die reiiaiing energy difference obtaiiied ats anl adjustable paaeter tront fittinig Eq. ( 2) to
bctet''ci thle t .'o cillliguratiolis is accounted for by at shift of tlie experimental data aiid therefore has the samte valuli foi
1 -42 - ItW cmii li tice 5d levels olcoittiguration 11 ats coiti- all glaIss saiiiplCs iiivcstigaICd here. The total change iii re-
paled iio coifiigmriun I [-roii Table 11, it is seeii that the fractive iiidex varies froim host to host due to the fact that thle
sliilt Ill thle goiid ,tatle energy beceomies smaller ats the mass itninber of ions mioviiig from coiiiiguratioin I to configura-
oA t[lie iiiodilicr i iiici cases.This woiitld lead to Intcreain~g htil If is hIost dcpeiideit as iSIo'.v ift Tab L IIJO'.VeVer, the
shults Ili the 5d levels, l'ioti 1.42 ,1(1'e cii for the M~gglass actual value Of A111 IMay also chiaiige a little front oiie glass
Saimple itil 2 88 - lt' cmi 'Ior the [)ha glass sample. hlost to aiiothier. The theoretical Model Used here canl accu-

I lie ciici gy d iee betweveti thle tWO equilibriuIm Coli- rately ex plaiit all of' ilie observed res ItIs by assuIming t hat
tiiiirtiiii W~ c~leilacd ase oi te fee-ou ale o di MIS Cltaiige is very small so that its coiitributioi to( thle

;idlil iiiil W4 r5d )The value of, this itntegral will be change inl total refractive index is iiegligible.
* ~Oii the basis of free-iou svave-fuiici ots and thle assurnp-

lioni(that thle 4f-5d transitions nmake thle domniant cimutribiu-
4 tioli to the chanige inl polarizahaility betweeti[the two coittigol-

II rations, we calculated at shift Ili traisi(iit entergy brout
2 5d states conifiguration I to configurationt 11 iif 3.14 ,, 10' cmt '_ This

is at physically reasonable energy level shift but thle nitial
10~ vlue may be ditferenit due to thle change Iiil e value (i'(the

'*-~-~ radial integral betweeni the two conifigurations. Previous re-
si sItis oii oilier tyvpes of saiiples iirid icatIec that thItis ait t er effectI
Makes tlie dotiiiiiaiit C011it11ib1ution to tile poharizabhlilt>

I ~change iii differcuit host envirirlnentsi' It is iiiierestiiig to
dl iioie that the value of'i, I fouind for Pr' '-doped glasses is

0 'Fthe same as thlat foLund for En Ill the sanie hosts."' Sinice lie
2- 5,d levels for Pr' arecat luwer energies thain t hose of Enll

th dese rCsltIs im1ply I[tha i e Chiige inl radiall itteCgral is 11i0i C
iiiporlti thau tlie chatige Ii thle positionl oftlie 5d/ levels Ii

Configurational dIcterniitig thie polarizability ofthle rare-earth toins Ili glass

c o o r d inate hosts
Unfiortniately.' there is still ve-ry little kniowvi oii lie

*,rcm, i icicIII,,III~Il~~ug ic lcii icg ~ atoniescale conceriitg the localemi'. rictiet of rare-eai
VI, 0i Ili, It m, %iii, fhc r ,,,cct l ic locat cr'tihLrdur,,% si ic le s ljl u OIIS doped Iltu glass busts. It IS t iotight that ionIs such its

hl I . i i Eul 'Ii silicate glasses Occupy interstitial sites aiid distort
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thec local cniionis~~cbI of' thc hust by thir (.Uuloiiib attlac- stan~dinig of thle 161 Itiatuil ul laserIIIldil IC pci lanleu gi t-
tion of the noniiridgiiig oxygen ions. This results in local ings in rare-earth-doped glasses, there are still several

environIments with high nearest neighbor coordination aspects of this phenomenon t hat require furthier inivest iga-

numnbers caused by the distort ion oft he rare earth ion onl its tion. The exact nature of thle local surroundings of fihe rare

surroundings. InI producing this distortion, the trivalent earth ion on thle atomic scale is still not known and finding

rare-earth ion is in competition with the modifier ions of the the right rare earth-host glass combination to optimize this

host in attracting the notibridging oxygen ions. Miodifier ca- effect is still anl important area of research. Further experi-

tions n.i the second coordination sphere increase the rigidity ments are currently being performed using fluorescence line

of thle host, thus hindering the free formation of the rare- narrowing and micro-Raman spectroscopy.
earth ion environment. The success of this competition for
attracting the nonbridgiitg oxygen ions is determined by fihe ACKNOWLEDGMENTS
relative field strengths of' the rare earth and modifier ions. This research was supported by the U.S. Army Re-
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The i abhove discussion canl be uised to undicers tand tile re- mw eits.
sults lisicd in Table II. The asynunetry factor A, for thle
dou01ble potentlial Well is at measure of thle ability oh the rare
earth ion to distort its local environment. If the rare-earth tI: Nt tsVIICs, t> (i. t11CtI~s~. 'MidIR C t I'llt) ts k: 1134. 4211

ion is able to freely distort its environment, it will form at very t1986); F. Nt. DillrVille, E. (i Hedlicis,.iikik IC I'll)ssj, i Re% 1135.

simlilar local environment at each site resulting in a small JellP8) ~ .lttia~ t ~iik sdI.( 'sscl p m

vlue for the asymmetry parameter. This is reflected in Table 1t, 6s53 ( 19860
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A comparison of the spectroscopic properties of Eu3 +-doped fluoride
and oxide glasses under high-power, picosecond-pulse excitation

Gregory J. Quarles, Andrzej Suchocki,a) and Richard C. Powell
Physics Department, Oklahoma State University, Stillwater, Oklahoma 74078-0444

(Received 24 October 1986; accepted for publication 5 October 1987)

The frequency harmonic outputs of a Nd:YAG laser were used to excite Eu3 + ions in fluoride
and oxide glasses with high-power, picosecond pulses. Time-resolved fluorescence spectra,
fluorescence lifetimes, and rise times were measured on the fluoride glass to obtain information
about the two-photon absorption transitions and the radiative and radiationless decay

* processes. The results show the importance of coherence in the intermediate state of the two-
photon transition observed with 532.0-nm pumping. Multiphoton pumping with 345.7-nm
excitation results in spectral shifts and lifetime changes which are attributed to local
polarization effects. Similar experiments were performed on the oxide glass, and the results
were found to be significantly different because of the more efficient radiationless decay
processes in the oxide host compared to the fluoride host.

I. INTRODUCTION state. VTEP is used for virtual two-photon excitation pro-

Time-resolved spectroscopy, with the use of high-pow- cesses in which the intermediate state is a virtual state of lhe

er, picosecond-pulse excitation, has been shown to be an im- system. Finally, ESA is used to refer to excited-state absorp-

portant technique for studying the spectral dynamics of tri- tion, which occurs when the first photon excites the ion to a

valent rare-earth ions in solids. - We report the results of a real level, but relaxation to a metastable state occurs before

detailed investigation of the spectroscopic properties of the second photon is absorbed. All three types of processes

BZLT fluoride glass doped with Eu 3 ' ions with the use of have been observed in trivalent rare-earth ions in solids, and

the picosecond pulses from the primary and various har- it is important to identify the specific type of process in order

monics of the output of a Nd:YAG laser as the source of to determine the cross section for two-photon absorption

excitation. In addition, similar measurements were made on (TPA).

* Eu' -doped lithium phosphate (LP) oxide glass to deter- The cross section for TPA processes can be expressed

mine the effects of the host lattice on the spectroscopic prop- through second-order perturbation theory as'

erties with this type of excitation. The time-resolved fluores-
cence spectra, fluorescence lifetimes, and rise times were o=0, I(C/1i)(IP.Li) lQI, 10)/[ A - irl ]2,  (I)
measured asa function of laser power for the various e -'a- a.#

tion frequencies. The spectral properties are analyz, - in where C contains various constant parameters and the den-
terms of single- and two-photon absorption processes and sity of final states, p is the electron momentum operator, a3
fluorescence from four different metastable states. These re- represent the states of polarization, Aw), is the detuniig of
suits are especially interesting, since little spectroscopic the laser frequency from the peak of the transition from the
work has been reported on rare-earth ions in this type of ground state 10) to the intermediate state Li), and F, is the
fluoride glass host. The results obtained on the oxide glass natural linewidth of the intermediate state. The absolute
differ greatly from those obtained on the fluoride glass be- magnitude of the denominator represents the upper limit of
cause of higher efficiency of radiationless decay in the for- the interaction time for the TPA process. The type of process
mer type of material. These results on two-photon absorp- involved in TPA to a specific final state is determined by the
tion processes in Eu3  ionsare significantly different than matrix elements and interaction times involved with the dif-
those reported previously for Nd" .This is due to the fact ferent possible intermediate states included in the sum over
that the initial and final states of the transition are of the L/). For trivalent rare-earth ions, the initial state has a 4f"
same parity in the latter case, but not in the former one, and electron configuration, and the final state can either be an-
thus different types of intermediate states play an important other state of the same configuration or a state of the
role. 4f" - '5d configuration. For the former case, parity selec-

The nomenclature for different types of multiphoton ab- tion rules strongly favor virtual transitions to 5d intermedi-
sorption precesses has become somewhat confusing. In this ate states, despite close resonances of real transitions to 4f
work we use STEP to refer to a sequential two-photon exci- intermediate states. However, if the final state is part of the
tation process in which the first photon causes a transition to 4I" - 'Sd configuration, real transitions to resonant 4finter-
a real intermediate state, and before relaxation can occur, mediate states or virtual transitions to 4f intermediate states
the second photon excites the ion from this state to a higher with small detuning parameters can be important in the sum

over Li). In this case the matrix elements are approximately
the same for the different types of intermediate states, and

Permanent address; Institute of Physics, Polish Academy of Sciences, Al. the dominant terms in the sum depend on the interaction
Loinikow 32/46, 02.6-8 Warszawa, Poland. times. For virtual intermediate states, this is determiied by
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the detuning from resonance and is typically of the order7 of -
10- 1_)- s. For real resonant intermediate states, the
maximun interaction time can range between 10- 5 and 60-

10-'s. Ifcoherence is important in the overall TPA process, - 3

it is the dephasing time of the intermediate state that deter-
mines the maximum interaction time instead of the fluores- 50
cence lifetime of the level. Finally, if the laser excitation
pulse is shorter thait the maximum interaction, then the in-
teraction time of the TPA process is given by the temporal -C 40- 5

pulse widlh of the laser. Each of these possibilities must be E 532- 266,,

considercd in determining the specific type of process in- W -

volved iii a TPA transition. 3LU30-
The experimental apparatus used for this work has been - -----

described previously.' A passively mode-locked Nd:YAG E . - ,

oscillator/amplifier laser with a pulse selector provided sin- 20- - - - -2

gle excitation pulses with widths selectable between 25 and 20--
200 ps in duration. The energy per pulse was approximately ad II
25 mJ, and the appropriate frequency-doubling, -tripling, 1I
or -quadrupling crystals were used to obtain output at the 10 ,a i
various harmonic frequencies. The time-resolved spectros- • I

copy measurements were made with two different experi- _ = = - --

menial arrangements. One involved a combination of a 0 ' " a-

monochromator, photomultiplier tube, and boxcar-signal
averager combination, with thle output sent to a strip-chart FIG. I. Energy levelsofthe4ff'nd4f 55dconfigurationsofEu in I3ZLT

glass. The semicircles label the metastable states. The important absorption
recorder. Fhe second arrangement involved a monochroma- and emission transitions for the different excitation wavelengths used in this
tor, relicon detector, and an optical multichannel analyzer work are also shown. The solid lines represent excitation processes or radia-
(OMA). All measurements were performed at room tern- tive decay processes. The wavy lines denote the nonradiative decay pro-

perature. cesses. The broken horizontal lines show the shift in the position of the 5d
level after very high-energy excitation. The fl's denote the fluorescence de-

The fluoride glass sample investigated in this work had cay rates and the Ws the excitation rates.
dimensions of 1.82x 1.25x0.18 cm 3. Its composition' in
mole percent was 27 ZnF 2, 19 BaF 2, 26 LuF, 27 ThF4 , and 1
EuF.. The common designation for this glass is
BZLT:Eu3". The oxide glass sample used for comparative transitions in the 4f configurations, as developed by Judd''

studies had the dimensions 1.46 X 1.25 x 0.36 cm 3. The corn- and Ofelt, 2 was applied to the room-temperature absorption

position of this sample in mole percent is 30 Li20, 52.3 P205, spectrum of the BZLT sample to determine parameters use-

10 CaO, 4.7 AI,O, and 3.0 Eu2 O 3. It is designated as ful in the modeling of multiphoton spectroscopy. These pa-

LP:Eu'+. rameters include the branching ratios, oscillator strengths,
and radiative decay rates. The oscillator strength of a given

II. EXPERIMENTAL RESULTS transition ofaverage frequency T from a level J to a level J'is

Figures I and 2 show the energy levels and absorption expressed as

spectrum for Eu3 + ions in BZLT glass along with the posi- f(aJ;bJ') = (81r 2mc/3h) (:/2J + I ) [XS, (aJ;bJ')

t ions of the various laser frequencies used for pumping. The + X 'Sr. (aJ;bJ'], (2)
lower, sharp levels are associated with states of the 4f 6 elec- where the electric dipole and magnetic dipole line strength-.
tron configuration. The broad, overlapping bands above hre
27 000 cm -'may either be due to states of the 4f'5d electron
configuration or to charge transfer states. For the fluoride Sd (aJ;bJ') = =2,4. 61, I VfJII ' t'VJ'E(

2  (3)
glass host, the former seems more likely. The charge transfer and
bands should be very close to the band edge, while the 5d Smd(aJ;bJ') (M2rc)21fVIIL + 2S1VVJtI1, (4)
bands have been previously identified in Eu 3+-doped crys-
tals wil l their peaks near 200 and 240 nm.9 The latter is in respectively, a and b represent other quantum numbers des- 5
agreement with the bands observed in this fluoride glass, and ignating the states, f" represents the electronic configura-
thus we referto thesebands as 5dbands, although thecharge tion, U" is the tensor operator for electric dipole transi-
transfer assignment cannot be ruled out at this time. The tions, L + 2Sis the operator for magnetic dipole transitions,
absorption spectra for Eu3  in the oxide glass in the visible and the fi, are the Judd-Ofelt parameters that are associated
region of the spectrum is similar to the fluoride glass. How- with the crystal-field environment of the ion in the host lat-
ever, in this case the host band edge is at lower energy, and tice, which are determined by the analysis of the absorption
thus the charge transfer bands are shifted below the 5d spectrum. X and X' are the correction terms for the effective
bands"' and appear as bands above 24 500 cm-'. field in the crystal for electric and magnetic dipole transi-

The formulation of crystal-field-induced electric dipole tions, defined, respectively, as
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7 4011 FIG. 2. Absorption spectrum of E'

"08 with the positions ofihe various laser ex-
E citation wavelengths shown. The BZLT

30 I30Q sample used was 0.18 cm thick with a
0.7 composition of 1.0 tnol % of EulP,.

20 532nm

0.6

10 t 266nm 354.7nm -0.5

200 300 400 500 600

A(nm)

X = c1 + 2)/9n
TABLE I. Spectroscopic parameters of Eu3 

in BZLT fluoride glass
and (A,, = spontaneous emission coefficient; W6-branching ratio; T' u 

= radha-
= tive lifetime).

with n being the index of refraction of the host at the asso- Transition .4,( ') T"'( 10 1s)

ciated transition frequency. The reduced matrix elements in
Eqs. (3) and (4) have been calculated previously" - 5 and >D, >0O 0.532 0007

5D) 1.827 0.0244
are essentially invariant from host to host. 'D,, 0.0 0.0

It is extremely difficult to make use of the Judd-Ofelt 'iFo 0.0 0.0
treatment for Eu 3

1 ions because of the exceedingly weak 7FS 10.662 0.1427

absorption and number of bands associated with totally for- 'F, 14.122 0.1890
7F3 9.866 0.1320

bidden and electric dipole forbidden transitions. Because of 'F2 21.914 0.2933
the limited number of weak absorption peaks in the fluoride 'F, 15.797 0.2114

glass sample, the Judd-Ofelt parameters for a very similar ' , 0.0 0.0 13 383

Eu' '-doped fluoride glass were used in this evaluation." 5D2 > D, 0.095 0.0013

These were found to be f1 = 0.93X 102o cm 2, 'D,, 0.516 0.0070
f1= 2.61X 10-20 2cm'

.B us- 'F, 0.485 0o.66
= n = 7F 9.820 0.1331

ing these results, the spontaneous emission probability can 'F4 8.638 0.1171

* be obtained for each transition from 'F, 30.290 0.4105
7F2  20.378 0.2762

-1 (aJ;bJ') = (64r'') /3hc'(2J + I)] 7F, 0.426 0.0058
'FO  3.143 0.0426 13.552

X [XS, , (aJ;bJ') + X'S.a (aJ;bJ')]. (5) 5D, >5D, 0.163 0.0024

The branching ratios for transitions from each emitting level 'F6 0.624 0.0090

can then be related to the spontaneous emission coefficient 'F 4.344 0.0627'F, 21.124 0.3050

through 7F3 29.002 0.4188

Ad = AI,, A,j, (6) 'F2 3.006 0.0434
'F, 10.988 0.1587

where the summation is over electric and magnetic dipole 'F,, 00 00 14 441)

transitions to the final statesj. The radiative lifetime for each 'D,) > F 1 951 0.0138

emitting level can then be determined from 'F, 00 00
7F4  42.958 0 3038

(r:d
)
- = A,.-,. (7) ', 00 ( 0

'f., 30 224 (0.2137
Table I lists the branching ratios, spontaneous emission coef- 'f, 66.384 0.4694
ficinents, and radiative lifetimes of tle excited states of Eu 'k;, (.O 00 7 27

tons in the fluoride glass.
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Attempts to excite fluorescence oftheBZLT:Eu3 + glass tensity for all lines shows a linear dependence with pump
with ntultiphoton absorption of the primary 1064-nm radi- power, thus indicating that single-photon absorption is re-
ation were uiisuccessful. The doubled output at 532.0 nm sponsible for exciting all of these transitions. The fluores-
resulted in single-photon absorption to the ' D, level anid cence emission includes transitions originating from all the
two-photon absorption into tile 5d configuration band for various 5D, levels, as well as from the 5d configuration level.
this sample. The quadrupled output at 266.0 nm results in Each of the five groups oflines in Fig. 3, corresponding to the
single-photon absorption into the 5d configuration band of five different fluorescing states, has its own characteristic
this sample and no observed two-photon absorption. The lifetime.
tripled output at 354.7 nm gives a single-photon absorption Figures 1 and 2 show that the 266.0-nm excitation di-
into the 5d configuration band followed by multiphoton ab- rectly pumps the 5d configuration level. Part of the excita-
sorption above tie band edge of the fluoride sample. For the tion energy decays radiatively from the 5d level to the var-
oxide host, essentially no multiphoton processes were de- ious 7F, multiplets of the ground-state term, while the rest of
tected for any of the different excitation conditions. For the the excitation energy cascades down to the 5D levels by fast
doubled, tripled, and quadrupled Nd-YAG laser excitation, radiationless relaxation processes. The fluorescence lifetime
the observed fluorescence of LII:Eu' ' originated almost en- of the 5d level is measured to be 70 ns. The 5D32. 0 levels all
tirely from the SD1, metastable state with very little higher- have radiative transitions to the ground-state multiplets
energyetission, even for tile UV pumping. The fluorescence with fluorescence lifetimes of 1.57, 1.42, and 1.24 /is, and
spectra and lifetimes observed with the various pumping 5.94 ins, respectively. All of the lifetimes plotted were single
wavelengths are described below exponential over two decades and have maximum error bars

of ± 2%. The fast nonradiative decay rate from 5D3 to -D2 is
A. Results for 266.0-nm pumping determined from the rate equations described below to be

igre 3 shows thme BZLT:Eu" fluorescence spectra 6.1 X 10' s'. This value is almost identical to the rate of

obtaimed at two different times after the 25-ps excitation 6.3 X 10's-'given by theJudd-Ofeltanalysis. For266.0-nm

pulse for quadrupled Nd-YAG laser pumping at 266.0 nm. pumping, a rise time of approximately 2 /is occurs when

I'he spectral ICsolutiton of the laser lines used for excitation is observing the D,-TF, emission transitions. With the use of

appro,imlcly __ I cm '. Observation of the emission in- Weber's model " fora cascading decay process, the theoreti-
cal estimate of this rise time should be < 10 ,us, which is
consistent with the observed result. Fluorescence from the
5D,.,,o levels of Eu'+ is well known in other hosts, but the

zr( 10 3 cni 1 ) observation of fluorescence from the 5D, and 5d levels is
25 20 15 unusual. The fluorescence lifetimes and rise times for each of

I I . .I I I I I I the metastable states are listed in Table 11 for these pumping
8 (a) 7\x" 266.Onm conditions.

t :50ns The time evolution of the fluorescence spectra shown in

6 Fig. 3 can be described by the rate model shown in Fig. I.
~A\/~The rate equations describing the time evolution of the excit-

i ed-state populations are given by

d- Wd -[3dad' (8)

2 dt
dn4 (9)
dt

__d" 3  n 4 - 13n3, (10)

H 8 (b) , 266.0nm dt
t 1.0Ous df.-. =flr,% -1 2, (I11)

dn=fl ' 3 - it

dt

The ni's represent the concentrations of ions in tile various
- excited states, the /3,'s are the fluorescence decay rates of

2 1 these levels, the /3 "'s refer to the nonradiative decay rates,
and Wd is the pumping rate of the 5d configuration level.

0 1Table I shows from the Judd-Ofelt analysis that nonradia-

380 440 500 560 620 680 tive decay is dominant between the 5D 3, 5D 2, and 'D, meta-
stable states, whereas radiative decay is the dominant pro-

M (nm) cess from the 5D, state to the ground-state components.

FIG 3. Fluorescence spectra of IZLT:Eu3' glass at two times after the With the assumption of a delta function excitation
excitation pulse at 266.0 im, (a) 50 ns and (h) 1.0/is, pulse, these equations can be solved to give the time evolu-
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TABLE It. Characteristics of metastable states of Eu
t

* in BZLT (At = 25 be determined The best fit shown by a solid line in Fig. 4 was
ps; 'T= 300 K). obtained with a value of K = 3.4X 10- 6 s.

From the value of K obtained from the TRS results, it is
Level possible to obtain the radiative decay rate from the 5d con-

Parameter $D, 
5D, 5D, 5D, 5d figuration level. The values needed for evaluation are the

branching ratios for the 'D3 metastable state, and these are
Fluorescence lifetimcs available through the Judd-Ofelt analysis of the absorption
r,(,s) spectrum. Use of the branching ratios, along with the mea-
2 = 266 or 5940 1.24 1.42 1.57 0.07 sured value of the fluorescence lifetime of the 5d level, gives

532 nm
A., = 354.7 nm' 0.57 0.71 0.82 an estimate for the radiative decay rate for the 5d level of

0.26 0.34 0.18 9.72 ± 2.14X 106 s-1.
Fluorescence rise limes Figure 5(a) shows the LP:Eu3 + fluorescence spectrum
I,',is) at 50 ps after the 266.0-nm excitation pulse. The fluores-

A, = 266 1.8 <0.35 0.28 0.06 0.03 cence from the D metastable state to the 7F 2,34 multi-
532 nin 2100 0.03 th 1F , -

A_ = 354.7 nm ... 0.05 0.03 plets of the ground term is much stronger in the oxide glass
than in the fluoride glass. The measured fluorescence life-

"-ie fluorescencencOlibiled el'the superposition ofsharp lines and a broad- time of tie 'Do level is 3.15 ms for this sample and is also
hand. purely single exponential. There is some very weak fluores-

cence from thLe D, and 'D, metastable states, as well as some

tion of the excited-state populations. The observed fluores- weak broadband fluorescence at higher energies, which may

cence intensities from the ith level can be expressed as the be associated with charge transfer transitions. The signal

product of the population of the level and its radiative decay from the weak fluorescence transitions was too small to ob-

rate/3'. The solution of Eqs. (8) and (9) gives the ratio of tain accurate fluorescence lifetime measurements. A com-

intensities of the 5d and 5D, levels as parison of the Eu'-* fluorescence in the oxide and fluoride
glass hosts for this type of excitation shows that radiationless

Iat)/1(t) = K(/ 4 - ){ 1- exp[ ( a -, )t ]- 1, relaxation processes are more efficient in the oxide glass,
(13) which is consistent with previous results obtained by using

whereK = [/3',1(,6"r6'[) ]. Figure4 shows the ratios of the other types of excitation. 17-11

integrated fluorescence intensities of all of the 5d transitions
to tie ground state and the visible transitions from the 5D3
metastable state. By fitting Eq. k 12) to the measured time
evolution of the ratios of the fluorescence intensities, after

D correcting for quantum efficiencies, branching ratios, and g(10 3 cm- )
the spectral sensitivity of the equipment, the value ofk can 30 25 20 1510 - - ,A 6 .

' (a ) t 5

100.0 8 a t x5.14

4

50.0 2

-a 10 (b) Ax=532nm'

0 o 0H

5.0 1..30 0 ... ?x507n 60 0

(C t =50,4s

6-
3 2-

_ _ _ _ _ _ _ _ 0 L ____

0 50 100 150 200 250t(ns) (c) n

FIG. 4 Theoretical titling and espertmental points f'or the time evolution eof
the ratios of the integrated Iluorescence ntenstiies of the emission from tihe FtG. 5. Fluorescence spectra of LP'.Eu t glass at 50 ,ps alter tile pulse for
Sd level and 5D, otetastable state after 266.0-nm escitaiioiu, excitation ai (al 266 tin, (b) 532 nnt. and (c1 354.7 ttt..
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B. Results for 532.0-nm pumping 1.0 '

Figure 6 shows the fluorescence spectra at two different
times after the laser excitation pulse for doubled Nd-YAG
laser pumping at 532.0 nm. The same lines appear in the
spectra as seen in Fig. 3, but their relative intensities are 0 0.5 o
different and change with excitation power. Figure 7 shows C
tie variation in tile integrated fluorescence intensity of the 

0

emission line near 515.0 nm as a function ofexcitation ener-

gy per pulse. The observed quadratic dependence indicates "0
that this fluorescence transition is excited under these pump- 00

ing conditions by two-photon absorption terminating on a
level of the 5d configuration. The fluorescence transitions 0

from all of the metastable states are the same as those dis- 0

cussed in the preceding section following single-photon
pumping of the 5d level. As seen in Fig. 1, the intermediate
state for this two-photon transition is one of the Stark com- 0.1 . . i

ponents of the 'D, level, which can be directly pumped 0.5 1.0 1.5
through one-photon absorption processes at this excitation Ip(mJ/pulse)
wavelength. Only part of the ions excited to this intermedi-
ate state will absorb a second photon, while the rest will FIG. 7. Integrated fluorescence intensity of the 515.1-nm spectral line as a
decay either radialively to tseground state or radiationlessly function of laser energy at 532.0-nm excitation with a 25-ps pulse.

to the 'Do level from which fluorescence emission occurs to
fite ground-state multiplets.

As shown in Table 11, the rise time of the fluorescence initial rise were observed to be single exponential. The ob-

decay profiles for the SDn,-F, transition is measured to be 2.1 served rise time is much longer than expected for a direct
tns, with a 5.9-ms decay time. The decays occurring after the nonradiative transition from the 'D, level. Longer than nor-

mal rise times of fluorescence from the 'Do level have been
observed previously t "-0 and have been attributed to intersite

0( 10 3 cni 1) energy transfer. Similar processes could also be important

25 20 15 for the glass host. The laser excitation in resonance with the

, I absorption transition to the 5D, level can selectively excite

8 - (a) ? x: 532.0nm ions in specific host environments. 20 This is possible since

t =50ns the laser linewidth ( < 0.5 A) is much less than the widths of
the excited electronic levels (approximately 100 A). The

6 long rise time was found to be independent of the power of
the laser excitation, indicating that it is not specifically asso-

4 ciated with multiphoton processes.
jvj / Figure 5(b) shows the LP:Eu3 + fluorescence spectrum

at 50ps after the 532.0-nm excitation pulse. As with 266.0-
.-- 2 inm excitation, there is a strong fluorescence from the 'Do

level and only weak emission from the 'D, level. No fluores-
0 -cence can be observed from any of the higher levels, indicat-

ing that no multiphoton absorption processes are occurring.
'V x532.0nm The fluorescence lifetime of the 'D, levels is 3.15 ms, also

found to be single exponential, and the rise time is 600 as.v t 1.0pS Tihe latter is again anomalously long for simple radiationless
6 relaxation processes. The LP glass and a similar Eu3 + -doped

fluoride glass were studied previously2t under different exci-

4 tation conditions. The results indicated that the lifetimes re-
mained single exponential and fairly constant across the flu-

/-\ (orescence baud. The energy transfer among the Eu t + ions
2 was measured to be weak and thus did not strongly effect tile

observed decay kinetics, although it cais contribute to the

0 .-. _. initial rise of the fluorescence.

380 440 500 560 620 680 A simplified rate diagram for describing the pumping

? nm) and decay dynamics under these excitation conditions is

similar to that shown for 266.0-nm pumping it Fig. I. Tlse

FIG h Fluorescence spectra of BZLT Eu'* glass at two different times parameters are tile same as those previously used, except
after the excitation pulse at 532.0 Tim, (a) 50 ns and (b) 1.Os. there are tile additional parameters W, to describe tile initial
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single-photon pumping rate of the 'D, level and tile second with Eqs. (9)-( 11) remaining the same. Once again, the
photon rate of the 5d level given by WV. Thus Eqs. (8) and solutions ofEqs. (14) and (15) for 3-function excitation can
(11) now become be related to the measured relative fluorescence intensity ra-

dn , tios through_= Wd -And, (14)
dt 12(t)/1 3 (t) = {A + B}/C, (16)

S, = W, +9"r,13 -/ 2n, (15) where the variables A, B, and C are given by
dt

A = n2 (0)/ 2 exp( -/ 2 1), (17)

B = ,4'(0)nQ/r/7)/7J'([exp(--7t) ]/[(,,2 -/7)(/34-/73) (_7a -7)

+ [exp( -/34t) ]/[ (/2 - fl4 )(i3 - 9 4 ) (13d -. 84)] + [exp( -/at)]/[(/I7 -/a)(/73--/7)(74-7,8 -fl, (18)

C =nd (0)1;/78 13ff[exp( -/31) 1/[ (/7d -163)(,4 -J83)]
+ [exp( -1)]/[ (83 -4)(/d -14)] + [exp( -13,) ]/[ (93 -/J) ( 4 -/6d)]}. (19)

- A simplified expression describing the ratio of the initial P(t) = (0.375/At)exp{ - 2.77( (t - t,)/At 12}. (22)
populations of the 5d and 'D, levels is given by evaluating In order to evaluate the cross section for the second step
Eq. (16) at long times after the excitation pulse. This evaua- in the TPA process, it is necessary to estimate a value for the
ion is made possible with a few minor assumptions. Since it rate of interaction in tie intermediate state, -. Tie fluores-

is experimentally determined that ,/,6/7f4 , , then as cence lifetimes of the 'D., metastable states are all much
t - oo, the exponentials involving/, will become negligible, greater than the laser pulse widths. Use of either of these

* and we can assume that 632 - f3 -- 16. Likewise, since lifetimesorthetimeofthelaserpulseastheeffectiveinterac-
/2=113 and the Judd-Ofelt analysis shows that tion time gives values for the cross sections which are several
{fl. /1; 1,6 1, our expression simplifies to orders of magnitude smaller than the values expected forf-f
[1 3 (t)/L(t) ] 1- transitions. Thus ESA and STEP transitions with incoher-

=// "' {[n(O)/ns(0)] -a/7}, (20) ent intermediate states can be eliminated as the type of TPA

where Y = 3.9X 10 "5 s2 anda = 3.7 X 10- 2 s. We may then
use the values of the intensity ratios at long times after the
pulse to find the initial populations of the levels.

Figure 8 shows the ratios of the integrated fluorescence At
intensities of all of the 5d transitions and the visible transi- 13---25ps
lions from the 'D, level in the fluoride glass for two different 13 O- 2 0 0 ps
pulse widths. The data indicate that the relative values of the 2.0

- initial populations of the 5d and 'D, levels are approximately O
independent of the excitation pulse width. This indicates ei-
ther that the maximum possible interaction time for the -
TPA process is much longer than the laser pulse width, so
that no change in the intermediate state occurs during the "
time of the experiment, or that any transient changes in the

-- properties of the intermediate state occur very rapidly with -
respect to the excitation pulse width. .0

By using the measured asymptotic values for the intensi- '
ty ratios and Eq. (20), the initial population ratios are deter-
mined. These values of the initial population ratios can then
be used to calculate the cross section for the second part of

*the TPA transition. The expression for this is'

r 2 (cm) = [n, (0)/n,(0) I (hv2 /hv )

X [ At/(0.375)1p ] '), (21)
where At is tile laser pulse width, and I, is the photon flux 0.0 0.5 1.0 1.5
per pulse. A major simplification used in Eq. (21) is the use t(ps)
of the simplified expression P) = (0.375/At) for the FIG. 8. Time evolution of the raiiosofthe integrated fluorescence iniensi-
pulse-time dependence, instead of tile full Gaussian expres- ties of the emission from the 'D, and 'D, metastable states after 532.0-imni

ioll excitation for two dtflerent pulse widths At.
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process. For a transition involving a virtual intermediate or 25
coherent IPA process with a real resonant intermediate o/
state, the coherence times have been found to be in tile range

- /10- It1- " s."2 This can be estimated by considering the 20/
spectral line shape of the absorption transition from the /

ground state to the possible intermediate states. According /
to Eq. ( I ), the dephasing time will then be the maximum /

time for TPA involving a real intermediate state. For transi- 15 /
tions involving virtual intermediate states, the maximum in- E /
teraction time is less than tie coherence time by an amount ' /

0/
determined by the detuning from resonance. In our case tile - /
single-photon absorption terminates on tile edge of an ab- 10
sorption band due to a transition terminating on one of the ,,, o
Stark-split components of the 'D, metastable state. How-
ever, there are other levels with small detuning parameters,
such as the other Stark components of 5D I, which can have / 0

interaction times equal to or greater than that of the resonant /0

interaction and thus cannot be neglected in the sum over /

intermediate states in Eq. (1). The measured transition 0
linewidths in the absorption spectrum were used to estimate 0 50 100 150 200
the coherence times. t t(ps)

This analysis gives a value of = 4.6X 1 0 t3 Hz for the FIG. 9. Variation oftlie absorption cross section of the xcited-state part of

resonant transition, which provides an upper limit for tile the STEP transition vs laser pulse width for 532.0-nm excitation.

interaction time, since at room temperature the linewidths
should be a combination of homogeneous broadening due to longer decay component of 819 ns, a faster component of 179
phonon processes and inhomogeneous broadening due to the ns, and a rise time of approximately 30 ns. The other two sets
disorder in the glass host. For nearby off-resonance transi- of peaks show similar lifetimes and rise times, which are
tions, the measured coherence time is somewhat greater, but listed in Table 1I.
inclusion of the detuning parameter leads to similar interac-
tion times. Thus the value found for 4 is used as an estimate
of the interaction time. By using this value along with the r( 103cm"1)

values of the population ratios obtained from Eq. (20) and 25 20 15
the excitation pulse intensity and width, Eq. (21) gives the 25 201 1
values of the cross secitons for the second transitions in the 8 (a) 354.7nm

TPA processes. The magnitudes are somewhat larger than t .50ns
those of ground-state absorption transitions, because they 6
are parity allowed. This indicates that the TPA processes are
eit her VTEP processes or a coherent STEP process in which 4
fast phonon dephasing processes that broaden the intermedi-
ate level without shortening its lifetime are important in de-
termining tile cross section of tile second step in tile TPA -a
processes.

Figure 9 shows the variation ofo,,, with excitation pulse • 0

width for the BZLT sample. Tile linear relationship between i •
the cross section and laser pulse width is consistent with Eq, H 8 (b) x :354.7nm
(21), and the magnitude is consistent with having a fast in- t:1.0js

teraction time compared to the pulse width. 6

4
C. Results for 354.7-nm pumping 0

Figure 10 shows the fluorescence spectra at two differ- 2
ent times after the excitation pulse for tripled Nd:YAG laser
pumping at 354.7 um. Tile lifetimes of the transitions are 0
listed in Table If. This emission is quite different from that 380 440 500 560 620 680

observed with 532.0- or 266.0-nm pumping. The wave- ?'Mnm)
lengths of the emission transitions are at different positions, FIG 10. Fluorescence spectra of DZLT:Eu3 glass at two different im
and the lifetimes are different. Each of the three sets of aftertheexcitation p"seat 354.7nm, (a) 50nsand tb) l.ps Thedashed

fluorescence peaks involves a double exponential decay with line on the high-energy edge denotes the corrected spectra after the overlap

a very fast rise time. For example, the 410-nm peaks have a with tile 354 7.nm exciting light ir. taken into account.
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I he double exponential decays, rise times, shift in traun- 60
sition wavelengths, and reduction in the number of emission
peaks indicate that there is a change in the configuration 1 2x354.7nm

coordinates describing the energy levels for these pumping .. '
conditions. This may be associated with a multiphoton exci- 50 . T ."

tation process terminating at an energy far above the band
edge. During the time the electron is in this highly excited
state, the interaction of the ion with its surroundings will
change through local polarization effects. The electron de- 40
cays back down to the various metastable states, and
fluorescence occurs before the surrounding lattice has time \ 2x532nm

to relax back to its equilibrium condition. It appears that in : \

this polarized state of the local site of the ion, the 5d configu- I E 30 5D -\
ration level is shifted, so that the bottom of its potential well ,U 5D/

falls below that ofthe 5D, metastable state. With these condi- 0 5D /

lions, no fluorescence comes from the latter level. Likewise, wj
it is possible that multiphoton excitation with 354.7 nm lifts 20

the electron into the charge transfer band located above 200
nm. Following this excitation, radiative transitions come -F 6

from either the charge transfer states of the 5d band, in addi- 7F-%

tion to the 5D, levels. If there is a combination of radiative 10 -F\
relaxation from both tie charge transfer states and 5d bands, 7F,
this could account for the double exponential decay curves o

observed with each transition. Single-photon excitation by
354.7-nm light in the LP:Eu3" glass directly pumps the
charge transfer state and gives a similar spectra to that seen 0 (configuration
in the fluoride glass. This spetrum, shown in Fig. 5(c), is coordinate)

taken at 50/ps after the 25-ps pulse. One difference is that the
lifetimes in the oxide glass remain single exponential, indi- FIG. II. Configuration coordinate diagram describing [tie changth in the

BZLT:Eu" fluorcscence after multiphlioton, 354.7-nm pumping. The solid
cating that there is no transfer or overlap between the 5d and lines represent tihe location of the levels after 266.0- and 532.0-nm excita-

charge transfer states. A schematic drawing of this model lion. The broken line schematically represents the shift in the Sd potetiial

describing the change in tihe configuration coordinates is well due Io local polarizatio elrects following the mulliphottn 354.7-nm

shown in Fig. 11. This niodel is a qualitative model for de- pumping. he doned line indicates the po sitiun of the charge transfe~r hand
above tie 5d level.

scribing the changes after 354.7-nm excitation. More work

needs to be done to better understand the shifts in emission
and changes in lifetimes. Future work is planned when the produces two-photon absorption in the IZLT glass, which
addition ofa picosecond dye laser attachment is completed. was shown to lake place through a mechanisun involving a

coherent intermediate state. The cross section for the second
III. DISCUSSION AND CONCLUSIONS photon absorption in the TPA process is found to be signifi-

Picosecond-pulse excitation is an important experimen- cantly greater than that of the first photon absorption. This
tal method for characterizing the spectral dynamics of ions is because the former involves anf-d transitioin with a large
in solids. The time-resolved spectroscopy technique pro- density of linai states, while the latter is anf-f transition with
vides a useful means through which two-photon absorption a small density of final states.2 ' The results obtained on Eu3 '
cross sections can be determined. These results, coupled in the oxide glass provide less information on tie spectral
with measurements of the excitation pulse-width depend- dynamics associated with high-power, picosecond pumping.
ence of the cross section, allow the mechanism of two-pho- This is due to the fact that the faster radialionless decay
ton absorption to be identified, processes in the oxide host result in strong fluorescence

The results show that Eu" ions in BZLT fluoride glass emission only in the lowest metastable state. This demon-
emit fluorescence from higher metastable states of the 4f 6  strates one limiting aspect of the time-resolved spectroscopy
configuration and from the lowest level of the 5d configura- technique used here: it depends on having fluorescence emis-

Stion. This implies weak electron-phonon interaction in sion f:Em levels pumped only by two-phiotou absorption
I)ZLT:Eu'* compared to many oxide glass hosts that exhib- transitions as well as emission from levels punped by one-
it fluorescence only from the 'D,, level, or the 'D, and 5D, photon absorption.
levels after radiationless relaxation from higher excited No evidence of ESA processes was found for the fluoride

states. 2'Characterizing the properties of the 4f 5 5d-4f ' inter- glasses under these excitation conditions, and no VTEP were
Loitfigurational transition is especially interesting, since this observed when tile excitation wavelength was not very close
has not been extensively studied, whereas the CTS of oxide to resonance with a real single-photon transition. Multipho-
glasses similar to the LIP glass have typically been more ton excitation to energies well above the band gapof the host

closely studied. I ligh-power, picosecond-pulse excitation allows a local distortion of the lattice to occur which leads to
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Several experimnental techniques were used to characterize tile photorefractive properties of
KNbO1 . Contiuous-wave excitation was used to study two-beam coupling and creation times of

photorefractive gratings for both undoped and doped samples. 'file results show how different types

of dopants al'cct the photoreiractive sensitivity and material properties relevant to the pholorefrac-
tive effect such as carrier mobility, trapping time, effective trap density, effective electro-optic
coefticient, Debye length, and the sign of the dominant photocarrier. Picosecond pulse excitation
was used to study fast nonlinear responses of undoped KNbO. Along with the trapped-charge pho-
torefractive response observed at long times after the excitation pulses, it was also possible to ob-
serve nonlinear responses due to absorptive changes at intermediate times and an ultrafast response
that may have contributions associated with bound-electron nonlinearities and with scattering from
Nb 5 '-ion hopping modes.

I. INTROI)UCTION charge generation, relocation, and trapping processes as
well as the effects of the competing nonlinear-opt ical pro-

Displacive ferroelectric crystals have the electro-optic cesses. This can be accomplished by using a variety of
properties necessary for producing photorefractive effects experimental techniques which provide informatiot over
iPRE's). These light-tnduced changes in the refractive in- a wide range of response times and for samples with
dex of the material are the basis for many important de- several different trap compositions. The results of this
vtces in optical technology involving holographic s!orage, type of comprehensive investigation of KNbO3 are de-
optical data processing, and phase conjugation.' KNbO3  scribed in the following sections.
is predicted to have a high photorefractive sensitivity for Potassium niobate is a ferroelectric material with the
materials of this class, but its properties have iot been perovskite type of crystal structure. At room tempera-
fully characterized. 2 The purpose of the research de- ture it has orthorhombic crystal symmetry of point group
scribed here is to present new information about the pho- Pmn 2, and the electro-optic coeflicients of this material
torefractive response of KNbO3 crystals. The two most have been determined. ' The various structural phases of
important aspects of this work are determining how the KNbO, can be thought of as being derived from the cu-
material properties change with different types of doping bic paraelectric phase by a series of distortions of the
ions and showing how tie nonlinear-optical response of original cubic cell. For example, the orthorhonibic dis-
the material evolves with time after picosecond pulse ex- tortion consists of a stretch of the original cube along one
citation. of the face diagonals (the cubic I1101 direction). The

The material properties associated with the PRE's are I 1101 direction suffering a slight elongation is ithe direc-

characterized using a spatial light intensity grating gen- tion of spontaneous polarization and is designated as the

erated by the interference of two coherent laser beams. c axis of the principal cell. The remaining principal axes

The photorefractive response is associated with mobile coincide with the other twofold rotation axes. Using tile

charge carriers which are produced by photoionization of convention of previous work, we label the orthorhombic

trap levels in tile bright regions and dhrough drift and b axis as the direction parallel to the [0101 axis of the

diffusion are subsequently retrapped at new regions in the original cubic cell. This is the only axis conserved

crystal. This leads to the buildup of a space-charge field through the phase transitions of the material.

ii, the material which modulates the refractive index Single crystals of high-optical-quality KNh(), were
through tlie electro-optic effect. Since the magnituide of grown from high-temperatuire Solutions using Cstahlshed
the index change is proportional to the absorbed energy, techniques.4 Both undoped crystals and crystals cotain-
the PRE can be generated with weak light sources on tug up to I mol % of' Ta5 , Na , Rb ' , or fe were
long-time scales, but it requires very high fluences to pro- giown and cut into samples of approximate dimensions
duce the PRE's with fast laser pulses. Other mechanisms 3X3X5 mm A discolorization was observed in all
associated with free carriers, bound charges, absorption doped samples . th the exception of Na:KNb()1. Prelim-
Changes, and vibrational properties can produce compet- inary studies indicate that each dopant was imifirnly in-
iug nonhinear-opltcal responses. to understand tie PRE corporated in the crystal lattice at concentra ons up to
response of a material, i is necessary to characterize the the I inol "% level used in this sludy. The crystals were

43 1 c1 1) IThe Ainerican Physical Society
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x-ray miciitcd and p)led. 4 Slight variations were ob- (a)
sci ved ill the x-ay Bragg angles and Curie temperature

lbr the ra:KNI()t sample. The most probable location La
of Ta s in he KNbO1 lattice is the Nb 5  site while the L a
Na and Rh' ions are believed to occupy the K ' site. Probe KNbO3

Fe ' has been previously sludied and reported to occupy Beam I(0) [
tle Nhs ' ',iie with tlie creation of free charge carriers. 5 ,

Prior to ponling, chemical polishing of doped and undoped
samilples rlvCaltd valions doilaii-wall structures which I(0)
cotild ie rcadily observed on tlie surface wit h 8X Pump I
iagnii tc;il ion. In ;onic cases, these observed surface pits Beam
aid step,, coriespoided to visible domain imperfections
within the hulk and in close proximity to the surface.
Afle, polinig aind repolishing, no evidence of domain
st, uct ies atl tile surflace could be observed.

(b) c

It. RI:SUIrs FOR CONTINUOUS L
WAVE EXCITATIONt__Kba

Laser-induced photorefractive gratings were written in
id(o)pcd ani doped KNbO1 crystals using the 514.5-nm Pump

emission, of a conltilonus-wave (cw) argon-ion laser. The Beams

pholito, et ractive e-haracteristics of tile samples were stud-
led using two types of experimental measurements: two-
heam coupliiig and transient tour-wave mixing (FWM). / / Diffracted "

A. Experimental Beam

The experimental setup used for the beam coupling ex- cw Probe
periments is shown in Fig. l(a). In these experiments one Beam
of the two beams used to write the grating is reduced in
intensity and is designated as the probe beam. The
pump- and probe-beam intensities were 820 mW/cm2 and
5.3 mW/cut 2, respectively, and the pump beam was ex- FIG. 1. Crystal and beam arrangements for (a) two-beam
panded to eliminate problems associated with nonunifor- coupling experiments and (b) nondegenerate four-wave-mixing
mities of tile light interference pattern. This experimen- experiments.
tal arrangement results in a grating thickness that is al-
ways equal Ito the crystal thickness independent of the
crossing angle between the two beams. The intensity of
the transmitted probe beam was measured with a pho- Under these conditions energy can be transferred from

tomnultiplier tube and recorded on a strip chart recorder, one beam to the other. The direction of the energy

The photorefractive gain was determined by recording transfer is determined by the crystal orientation and the

the intensity change of the transmitted probe beam as the sign of the dominant charge carrier. With the crystal

pump beam was cycled on and off. oriented for maximum gain, the intensity of the signal

In the four-wave mixing arrangement [Fig. l(b)], the beam can be written in terms of the gain coefficient F as6

laser-induced grating was produced by two equal intensi- I,(L) [(O)+1,(0)]exp[( F-a)L ]
ty pump beams with the same beam diameters. The - lO p
gratitig properties were determined by using a weak (50 )tO) 1,(0)4- 1,(0lexp( FL

liI/cn-" IieNe laser for the probe beam. The probe where a is the absorption coefficient, L the interaction
beam enters the sample in the opposite direction from the length, and 1, and 1, are the intensities of the pump and
pump beams and is aligned for Bragg diffraction off the signal beams. Equation (1) reduces to
grating. A photomultiplier tube was used to detect tile l,(L)=l,(O)exp[(F-a)L (2)
intensity of the diffracted probe beam and the signal was
recorded on a digital oscilloscope. By chopping the if l,(0)>>I,(0) and the pump beam is assumed to suffer
pump beams on and off, the dynamics of grating forma- negligible depletion traversing the length of the crystal.
lion were studied. Experimentally we measure the effective gain 6 Yo given

by
i1. Results of two-beam coupling measurements

For sonic samples and experimental conditions, the y 0 =Is(L)wit pmpl/ (L)wiii ,, m=exp( FL (3)

charge relocatim properties cause the refractive index if the depletion of the pump beam is neglected.
graling to be out of phase with tlie incident light pattern. The beam coupliog gain can be expressed in terms of
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material parameters as Fig. 2(a) for the five crystals studied and the values of r~fr
and NE obtained from these results are summarized in

F=2rn3 GEsc/ , (4) Table I. F'gure 2(b) shows theoretical curves of the pho-

where n is the effective refractive index, rff is an effective torefractive gain F as a function of grating spacing calcu-

* electro-optic tensor component, and Esc is the space- lated using the values of rG1 and NE in Table 1. In calcu-

charge field. By including factors that account for the lating NE from K, and Eq. (9) a value of E= 55 was used.8

relative contributions of electrons and holes to the pho- Using a value3 of r.., = r3 =64 pm/V, estimates of Fa

torefractive effect, ren. can be related to the electro-optic can be obtained giving some idea of the relative contribu-
tensor component of a fully poled crystal as 7  tions of electrons and holes.

The direction of the photorefractive coupling is deter-
r rtr =FrangOa' . (5) mined by the sign of the dominant photocarrier and the

F is a fractional poling factor, ' is a normalized conduc- crystal and beam geometry. For each of the crystals

tivity, and r is the appropriate combination of electro- studied the polarity of the c axis was determined in a py-
roelectric cooling "experiment9 and the sign of the photo-

optic tensor components and angular and polarization carrier determined from the results is listed in Table i.
factors for a fully poled crystal. For the two cases of only
one type of charge carrier, or'= + I for holes and a'= - I C. Results of transient response measurements
for electrons. In the experiments performed here the two
input beams were incident on the (a) surface of the crys- Another important parameter of a photorefractive
tal and were p-polarized so that r ,, can then be written crystal is the time required to build up the refractive in-
as dex grating. Reduced KNbO; haq been shown to have a

r,,, (n 4r 33Cos2 -n 2r-1 sin 2O)/n 4 
, (6) microsecond response time which greatly enhances its

where

n = ((cos 20/,1 ) + (sin-2 /n 2 l-/2 (7) 30 .

The space-charge field takes the form

Esc=[2rkBT/ej1[A/(A2 +A2)] A u8) 2 o

where A. is the grating spacing and T

A [4 ireeokq T/(e NE.)]1/2 (9)

is the Debye screening length. Substituting for Esc in

Eq. (4) yields the expression for the photorefractive gain

F [2rn k uTr,,I /(eLX) [ K /(K2 + K , (10)90
o 50 10oo 150

where Kg=2rr/,\ 9 and K,=2ir/Ao. By measuring the
beam gain F as a function of grating spacing A and ap- K, oii

plying Eq. (10), two material properties can be deter-
mined: r,,r and NE =N.V '/(N +N 1 ), the effective den- , .... - ...

sity of empty traps. l,

In all the beam coupling experiments on undoped and 3.0

(doped KNbO,, the grating normal was aligned parallel to /
the c axis and the crystalland beam geometry were ar-
ranged to give gain to the signal beam. At each angle of 'E 2.0 " -
the input beams, the effective gain y, was measured and --. - .

the photorefractive gain F determined using Eq. k3). The M -E . .

experimental values for F were fit to a straight line form 7  1 .0 ,7 , __ "
Of EI K./(0),K, ... -_ __I)

K' tF = feX.I(2irn 'k,,Tr. l)]11 +(K 2IK2)] H(1)1O .. . ... . .
q 00

with K9 /F plotted versus Kg. This presupposes that rff 00 1o 20 30 4 5

is independent of K ,. Examination of Eq. (5) shows that (~ml,,g wjlI,,l (1,"',

this assumption implies that a' is independent of K9, a
situation that exists only if one type of photocarrier is FIG. 2. (a) Grating wave vector K 9 divided by heai coupling
dominant. When displayed in this manner, a value for gain F as a function of K' for the five KNh()1 crystals studied,
r,,- can be obtained from the intercept and a value for K, and (b) theoretical curves of beam coupling gain F as a function
can be obtained from the slope and intercept of the of grating period using material parameters determined from
straight-line plots. The experimental points are shown in least-squares fits to the data.
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TABLE I. Material parameters obtained from two-beam coupling measurements on KNbO3 crys-

Sign of
dominant

photo- A, N re
Crystal carrier (Jim) (1016 cm- I) (pm/V) Fo = rdr/r33

KNbO, + 1.05 0.28 10.0 +0.20
(ulldoped)

K NbO :'a + 0.94 0.35 16.7 +0.33
KNbO:Rh + 1.22 0.21 27.6 +0.55
KNb():Fe - 2.15 0.07 -16.4 -0.33
K N10,:Nit + 1.69 0.11 25.3 +0.15

potential for real ttle applications. 5 The grating buildup time was measured for all five

Knkltarev and co-workers °'0'1 developed a mathemati- crystals at one angle as a function of incident intensity.
cal analysis of the time evolution of the grating forma- The buildup rate is plotted against light intensity in Fig.
tion. I'his analysis has recently been extended for the 3 for each crystal and the results are observed to qualita-
case of dual charge carriers.. . ... For fringe spacings tively follow the straight-line model predicted by Eq. (14).
large compared to both the charge diffusion length and The values of the product (PLti- obtained from the slopes
tile Dcbye screening length, the dielectric relaxation time are listed in Table II.

l (I 7 ) (12) A useful figure of merit for characterizing the pho-
rlEi(ri '- )  (12 torefractive sensitivity of a given material is how much

is a good approxilation to tlie grating buildup time.' in optical energy is needed to produce a given refractive iii-

Eq. (12) (a, is the dark conduclivily and oph is the photo- dex change. Expressed in mathematical terms the sensi-

coulodct ivity given by tivity is2

(roh,- erol~p r/(h 0 (13) S,, d , (15)

e is the electronic charge, a is the absorption coefficient,
(1) is the quantum efficiency for exciting a charge carrier, where n is the refractive index, a the absorption
/t is the mobility, I is the optical intensity, and hv is the coefficient, and 1,10 the incident optical energy. For a

photon energy. Inverting Eq. (12) to give the grating phase grating the diffraction efficiency is given by 4

buildup rate 71 = e -"ac°sasin(d TrAn /X cosO) (16)

=( I /T')=((a, +tpi,)/(CEo) (14) and the induced refractive index change can be deter-

provides a linear relationship between I and 8. Using this mined by measuring the absolute diffraction efficiency.

approximation for the grating formation rate allows orph The intensity of the scattered HeNe beam was calibrated

to be determined fiom the slope of the fit of Eq. (14) to to yield the absolute diffraction efficiency for all five crys-

the data. tals and combined with the grating buildup times to give
the photorefractive sensitivity. The results obtained are
given in Table II.

1 o' .The results from the cw laser experiments show that
10.doping KNbO1 with Na + , Rb + , or Ta5 + at the I mol. %

-N, level enhances the photorefractive performances of theSRh

a rlo"cI A crystal. The maximum beam coupling gain and pho-
t0 torefractive sensitivity increases for these crystals over anC"

A
IA0. 
I •

_ A •TABLE 11. Material parameters obtained from FWM trai-

1 0 a C3 sient signal buildup rates measured on KNbO3 crystals.

A A S,, 4jvr
Crystal (10 - - cm1/J) (1 0-'o cm 2/V)

10 2 .................. . ........ KNbO, 2.45 3.74
10 1 0 2 1 01 1 00 (undoped)

Iniensity (W/cm ) KNbO1 :Ta 3.79 6.46
KNbO3:Rb 7.93 6.51

FIG. 3. Photorefractive grating buildup rate as a function of KNbO1 :Fe 0.41 0.53
input light intensity for tile five KNbOj crystals studied.
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undoped sample. The iron-doped crystal usea in this c
study was observed to have an inferior photot fractive

La

Also the predominant charge carrier was determined to
be electrons in contrast to holes observed in thle other
crystals. Medrano ei a/. 15 found that the charge carriers Pump
in their iron-doped samples were holes and that there was Beams
an increase in photorefractive gain over a pure crystal
that had been reduced and contained electrons as photo- Probe
carriers. It is expected that it is tile same Fel -Fe3  Bea
donor-trap system that produces the photorefractive
effect in pure and iron-doped samples. Taken together, \
tile results above suggest that it is the Fe2 +-Fe3 '- ratio 11

rather than absolute amounts that is important in pre- Optical delay

dicting the photorefractive performance of a particular Diflracted
crystal. Beam

FIG. 4. Crystal and beam arrangements for the picosecond
III. RESULTS FOR PICOSECOND pulse-probe experiments on photorefractive gratings in K NbOJ.

PULSE EXCITATION

The nonlinear optical response of KNbO 3 was investi-
gated using picosecond pulses to establish laser-induced
gratings. These gratings were probed using both pi- several nanoseconds after the arrival of the pump pulses
cosecond and cw probe beams and the measurements ob- could be obtained. The diffracted signal was detected by
tamed provide information on tie time evolution of the the photodiode, recorded on a signal averager, and aver-
gratings from a time scale of picoseconds out to many aged over several thousand laser pulses.
minutes. In order to follow the signal to longer times, the probe

pulse was replaced by a I-mW cw lie-Ne laser beam.
A. Experimental The intensity of this laser was attenuated by three orders

of magnitude to keep its influence below that required forSingle pulses with durations of 30 psec full width at grtnease.Teicdtageofheroeel

half maximum (FWIINI at 532 nm were produced by a grating erasure. The incident angle of the probe bean

frequency-doubled, mode-locked Nd:YAG laser. After was adjusted to satisfy the Bragg scattering condition.

being split into two pump beams, tie pulses were recom- B. Results of pulse-probe measurements
bined in the crystal with an external crossing angle of 20.
This angle could be varied from 16° to 44* corresponding The absolute diffraction efficiency was measured for
to grating spacings varying from 1.91 to 0.71 itm. Typi- gratings produced in KNbO 3 as a function of probe-pulse
cal incident energies of the two pump beams were 0.11 delay with tile crystal in a photorefractive and in a ro-
and 0.06 mJ giving an intensity modulation index of photorefractive geometry. The results are shown ii Fig.

m =2(EE, )'/ 2 (E, +E2) =0.95 . (17) 5 for a grating spacing that is 1.9 jim. In the pho-

The diameter of each of the two pump beams was mea-
sured with a traveling knife edge and found to be 0.54 4.0
mm at the I/e points of the on-axis peak intensity. The
Gaussian radius of each beam is 0.27 mm and the in-
cident fluences are 39 and'21 mJ/cm 2 for the two pulses. 3.0
The temporal overlap of the two pump pulses was "
achieved with an optical delay line in one beam path.

A degenerate four-wave-mixing experiment was used , 2.0
to investigate dhe fast grating formation and decay. The N
experimental arrangement is shown in Fig. 4. A less in- .

tense, third picosecond pulse that was exactly counter- 1 0
propagating to one of the pump beams acts as a probe , -
beam. This probe pulse was s-polarized to be orthogonal <.. .. .......

to the pump-pulse polarization and was focused to the 0.0 1L_
same diameter in the crystal. From phase matching con- 0 500 1000 1oo
siderations the diffracted signal is counterpropagaling to 'oh pule dIiy (pwc)
tie other pump beam and was extracted with a beam
spliller. The arrival of the probe pulse in the crystal FIG. 5 Time evolution of ihie ahsolmIc i.cailling citicieicy
could be varied by an optical delay line. Delay times from a laser-induced grating written by two 30-pcc pulse., Inca-
ranging from several hundred picoseconds before to sured by an optically delayed weak probe pulse.
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torefractive geometry the crystal is oriented with the 100
grating wave vector K, aligned parallel to tie c axis of 26=16 °

the crystal so the write beams produce an internal space-
charge field that is also parallel to the c axis and the s po- 21-
larized probe pulse senses the photorefractive efl'ect E 10.1

through the r, electro-optic tensor component. In the 27

other geometry tie crystal is rotated 90* (K.1 c) and any "

space-charge field produced will be in the direction of the 44*

crystallographic b axis. Due to the symmetry elements of I iO-2

the electro-opt ic tensor any index change produced will o
nol be dtlected by an s-polarized probe pulse. Z

Two features are apparent in the data of Fig. 5 and
they appear to be similar to results recently reported for 10-3
llal'i 1

'. First a sharp peak is observed centered at a 0 200 400 600 800
probe delay of I =0 psec. The real time width of this 'Prbe-pilse delay (psec)
peak is close to the expected autocorrelation width of our
three pulses. The origin of this signal is the fast physical FIG. 6. Picosecond time evolution of the normalized scatter-
po('es,;- contrihii i|g -, file Iird-order susceptibility ing intensity for four grating spacings in KNbO,.
I" " associated wit Ii he FWM of the two pump beams,
probe beam. and signal beam. Possible contributions to
Ite susceptibilily include ionlinearities associated with
bound clections, tree carriers, and any phonon or thermal creases, which is exactly opposite to the results observed
effects with characteristic relaxation times comparable or in Fig. 6. This casts further doubt on attributing this sig-
less than the optical pulse width. In BaTiO 3, free carriers hial contribution to a photorefractive effect. -
generated by single-photon absorption were thought to be In the results from the nonphotorefractive orientation
lie dominant contribution to the nonlinear susceptibili- shown in Fig. 5 there is a nonzero scattering background

ty. 16.17 for long probe delays. This component may be associated
The second feature apparent in Fig. 5 is a long-lived with scattering from an absorption or photochromic grat-

signal lasting fo r probe-pulse delays of several ing generated by the photoexcitation and subsequent
iinosecottds. It is mnore pronounced itt the K.ic orienta- trapping of charge carriers. The diffraction efficiency for
lion thian in the K ic orientation. This suggests that it an absorption grating is given by 4

may be photorefractive in origin. For this interpretation
to be correct, impurity donor centers would have to be 71a I -e - w)sinh 2[ Aad /(2 cosO)] (19)

photoionized to produce free charge carriers that migrate The change in absorption coefficient Aa is just
far enough to establish a significant space-charge field
during the time of the pump pulses. However, the small Aa=Ns, (20)
free carrier mobilities and fast trapping times that are wt---
typical of the ferroelectric oxides would allow the free where N is the density of displaced charges and s is the
carriers to diffuse only a small fraction of a grating spac- absorption cross section of the defect centers. The cwing before being trapped. Titus there is some question photorefractive beam coupling experiments showed that

bfore bherig trappo t T of the signal, the concentration of donor centers in the crystal used
abotut the origitn of t his compoiintft esinl here is N =3 X l'nts c 3 . Since the input photon rate is
The intensity of the conjugate peak shows little change Ehat reate than tmts, we an ippotoate s

with grating spacing which is not the case for the signal somewhat greater than this, we can approximate N=NE.

at log probe-pulse delays. Figure 6 shows the intensity The absorption cross section of the donor levels is not

of the diffracted signal for fourgrating spacings. As the known in KNbO3 , but some idea of its magnitude can be

spacing decreases, the intensity of the nanosecond time obtained from results in the literature. It is known that

component decreases. Such a decrease in a photorefrac- the most common defect center leading to photorefrac-

tive grating is expected in high-mobility, long-trapping- tive effects in as-grown ferroelectrics is the Fe2 +-Fe3 f

time materials where the free carriers are able to destroy system where the deep-level donor is Fe2 + and the accep-

the grating by diffusing over a full grating period at small tor is Fe3+ . The deep-level absorption cross section has

spacings before being trapped. However, in ferroelectric been measured for this defect in InP:Fe and found to be 8

oxides the low mobilities coupled with the fast trapping S = I X 10-17 cm 2. Using this value of s for KNbO3 we

times for charge carriers make this process unlikely. For obtain Aa=0.03 cm- t . Substituting for Aa in Eq. (19)

the grating periods used in Fig. 6 the charge migration is yields a diffraction efficiency of 1,, = 10- which is in

expected to be diffusion dominated and the space-charge good agreement with the observed scattering efficiency of

fields will be limited by the diffusion field about 17=2X 10 - for this signal component. The con-
sistency of this interpretation of the KgIc results suggests

Eo=2rrknl'/(eA,). (18) that the Kgllc results might be associated with a
directional-dependent change in the absorption

Thus the photorefractive effect will cause the intensity of coefficient.
the scattered signal to increase as the grating spacing de- Figure 7(a) shows the results of measuring the scatter-

IR
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* f luence in a picosecond-pulse two-beam coupling experiment on

, 6.• KNbO5 . Thle closed and open squares represeit the two p1ts-

6.0 * " torefractive crystal orientations that are related hy a 18tY rota-

1'lel el 1ji 112

,- 2.0 ,,,• ,
intensity of tie probe beam in tle presence of the pumntp

beam. The points represented by closed and open sqtares

0o 0 . . correspond to the two photorefractive crystal orienta-
0 50 100 150 200 tions that are related by a 180 rotation abott a line

Fhtictile (bouJ/cal
2

) bisecting the two input beams. The photorefractive con-
tribution to the signal will reverse direction wten the

IG. 7. Absolute scattering ebiciency as a function of tie crystal is rotated and be seen as a difference between the
0uence of two 30-psec writing pulses at (a) probe delays ofc and points for tihe two orientations in Fig. 8. Such a

350 psec after the writing pulses and (b) at a time of 1.0 msec difference is not observed in these results suggesting that
after the writing pulses as measured by a cw probe beam. the free carriers do not diffuse the required half grating

spacing on picosecond time scales. The decay in the rttio
T/T 0 as a function of fluence is most probably associated

with two-photon absorption.
ing efficiency as a function of incident fluence. At a In conjunction with these two-beam coupling measture-
probe-pulse delay of 0 psec, the diffraction efficiency fol- ments, the probe-pulse transmission was recorded as a
lows a power-law dependence on the total fluence F of function of the arrival time of the pump pulse. The re-
F2 5, slightly greater than the quadratic dependence ex- suits obtained are shown in Fig. 9 where the ratio TITO,
pected. At a delay time of 350 psec, a single power-law is plotted against probe-pulse delay for the two crystal
dependence is not observed, hi the low-intensity region orientations K.Ic and Ki1c. This experiment was per-
with fluences below 10 mJ/cm 2 a least-squares fit to the formed at the same crossing angle as the beam coupling
data yields a dependen:e of F"9 . Above 10 mJ/cm 2 a results and the intensity of the pump beam was 80
power-law dependence of F 3

.
4 is observed. At both of mJ/cm2 . For negative probe-pulse delays, i.e., the probe

these delays there is a saturation of the signal around an pulse arrives before the pump pulse, the ratio TITT is
incident fluence of 100 mJ/cm. close to unity and there is no interaction between the

A definite signature of the photorefractive effect is the beams. As the pulses start to overlap in time the probe is
observation of two-beam coupling. An experiment was attenuated through two-photon absorption which peaks
performed to detect two-beam coupling in KNbO 3 using at zero delay. For both crystal orientations the probe
picosecond pulses and the results are shown in Fig. 8. pulse continues to be attenuated at long delay times after
The crystal was oriented in the photorefractive geometry the pump pulse. The extend of the attenuation is
with a grating spacing of 1.9 ttm and a pump-beam- significantly greater in tile KgJIc orientation tian in tie
- to- probe-beam intensity ratio of 9:1. The experimental perpendicular K lc orientation. At these hoig-tinc
quantity measured and plotted in Fig. 8 is tile ratio T/T O  scales there is no temporal overlap of time pulses and the
as a function of the incident fluence, where T is tie inten- effects are not grating or photorefractive iii origin. A
sity of the transmitted probe beam with the pump beam reasonable explanation of these results is the anlisotropy
on and T,, is the intensity with the pump beam off. Ener- of the absorption coefficient relative to the crystal c axis.
gy transfer through photorefractive gain will increase the Thus we conclude from these results that the contribtt-
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the pulse-probe experiments described in the previous
o1 0 section is lost, but the evolution of the signal can be fol-

,K :"Ic lowed to very long times. The transient signals obtained
show the decay of the fast nonlinear responses and the

08 =" ~ KO,, 0 buildup and dark decay of the photorefractive grating.

..000 The crystal a axis and the polarization of the probe beam

06 were aligned in the plane of incidence (p polarization) so
the effective electro-optic coefficient is given in Eq. (6).
The signal was followed in time after a single 30-psec

04 pulse of excitation from the crossed write beams.
Figure 10 shows the time evolution of the scattering

_ _ efficiency for different excitation fluences. The intensities
.50 0 50 100 150 of the fast- and long-time components of the signal

pnolhc-pue delay (psec) change differently with fluence and the buildup time of
the long-time signal decreases as fluence is increased.

FIG. (. The quantity TI/TO as a function of the arrival time Figure 7(b) shows the results of measuring the signal
of the probe pulse for two orientations ofa KNbOi crystal. strength at I msec after the write pulses as a function of

write-beam fluence. The data show a very different be-
tion to the FWM signal on the time scale of several hun- havior than the signals measured at faster times shown in
dred picoseconds to nanoseconds after picosecond pulse Fig. 7(a). The observed behavior does not fit a single
edipicosecods to ansecndsed afterpticosond puls, power-law dependence but is close to linear below 50

excitation is due to at laser-induced absorption grating. mJ/cm2 at which point the scattering efficiency is ob-
served to saturate.

C. Results ofcew probe measurementssevdtsaut. Figure I1 shows the dark decay of photorefractive

The picosectd pulse experimeuts were repeated using
a cw probe heam. In I his case, the fast-time resolution of
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FIG. 10. Time evolution of the absolute scattering efficiency Time (sec)
of laser-induced gratings in KNbO, as a function of time after
the arrival of the Iwo 30-psec writing pulses measured by a cw FIG. 1I. Dark decay of photorefractive gratings in doped
probe heau. KNbOj crystals induced by two single 30-psec writing pulses.
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gratings written by single laser pulses in tie doped and centers are able to contribute to the decay and nonex-
undoped KNbO3 crystals. The signal for the undoped ponential transients appear.
crystal has at least two decay components with very
different relaxation times. Nonexponential erasure de- IV. DISCUSSION AND CONCLUSIONS
cays have been observed in Bi, 2 SiO 20 (Ref. 19) and
LiNbO 3 (Ref. 20) and were explained by the participation Characterization of the photorefractive effect using cw

of several trapping centers in the photorefractive charge excitation has been reported previously for KNbO 3 crys-

migration. Steady-state beam coupling results presented tals where the response time for reduced KNbO 3 was

earlier show that both electrons and holes are involved in measured to be 100 Itsec. 5 Also, doping with iron has

the photorefractive processes in the crystals used here. been shown 15 to result in a substantial increase in the
The decay results observed demonstrate that the trapping photorefractive efficiency over that of undoped samples.

mechanism involves two types of acceptors that have two The results described here using cw excitation give a fur-

distinct relaxation times. One trap may be associated ther understanding of the photorefractive effect in doped

with the creation of holes in the valence band by pho- and undoped KNbO 3 by determining various material pa-

toexcitation of electrons to midgap impurity levels, while rameters associated with laser-induced charge relocation.
the other may be associated with photoexcitation of elec- The mobility-lifetime products given in Table I! show
trons to the conduction band. It is well known that that doping KNbO3 with either Ta, Rb, or Na decreases
mobilities of electrons and holes are different in these the time required to form a photorefractive grating by a
types of materials and multiple components to the decay factor of 2 over an undoped crystal. This increase in the
of a grating involving both electrons and holes should be buildup rates carries over to an enhancement in the plio-
expected. torefractive sensitivity for these crystals with the Rb

The doped KNbO3 crystals show more complicated dopant producing the highest. In the Fe-doped sample
dark decays. In some cases the intensity of the scattered electrons were found to be tile dominant charge carrier
beam is observed to undergo several dips where one com- while holes were the dominant carriers in all other sam-

* ponent of the grating decays while another component pies.
with a longer relaxation time still contributes to the in- It is only recently that picosecond pulses have been
tensity. Theoretical modeling of these features will re- used to study nonlinear responses of materials such as
quire incorporation of multiple trapping levels in describ- Bi12SiO'0 ,2' BaTiO 3,'6' 7 GaAs, 22 and CdTe. 23 In the pi-
ing the dynamics of charge relocation. cosecond work reported here on KNbO3 , three different

Figure 12 shows the dark decay of the photorefractive types of nonlinear effects were identified due to their
grating in undoped KNbO3 for five different grating spac- different time responses. Utilizing both pulsed and cw
ings. The decay time decreases with grating spacing probe beams, picosecond laser-induced grating tech-
reflecting the shorter time charge carries require to niques were used to follow the evolution of the nonlinear
diffuse a half grating period. The nonexponential nature response from the picosecond time scale out to times of
of the decay is more pronounced for the smaller grating many minutes. On the time scale of milliseconds and
spacings. For the larger spacings the decay is expected to longer, the photorefractive response which was observed
be dominated by the carrier with the highest mobility and with cw excitation is seen. This is associated with the
a single exponential decay would result. As the spacing space-charge field built up by photoinduced charge relo-
decreases both carriers and their respective trapping cation and the interaction of this field with the electro-

optic tensor components of the material. The dark decay
of the signal is highly nonuniform indicating that
different types of traps are taking part in the charge re-

a * 24 h. I ., laxation back to an equilibrium configuration.
S° ,On the time scale of 100 psec out to nanoseconds, the

A a , 9, ! , nonlinear response has properties that are better de-
. 6 ' 1lWC scribed by a laser-induced change in the absorption

o •coefficient associated with two-photon absorption. The

* " time scale and magnitude of this signal are consistento a•with a relocation of charge carriers. For example, since

0, o. the dominant photoinduced charge carriers are holes, the
- 0 ofirst photon might create a hole by promoting aim electron

a o in tie valence band into a midgap acceptor. The second
Z EU photon inight promote this electron into tile con(hlictiol

3 band. The electrons and holes created in this way will
migrate to different types of traps before finaily recom-

. . . . . .. .. bining.
I0 0'0 The variation of tile signal ii this time regiie for

T11C (sec) different crystal orientations is associated with tlie anisot-
ropy of tlie absorption coeflicient. The absorption

FIG. 12. Dark decay of phoiorefractive gratings in KNbO, coefficient for KNb() is a tensor quantity with ditlerent
for live different grating periods, values for dflferent propagation and polarizalion dircc-



80 REEVES, JANI, JASSEMNEJAD, 'OWELL, MIZELL, AND FAY 43

lions. If a, 1h, and c are tie crystallographic axes, then index change induced from the absolute scattering inten-
tie absorption coefficient call be represented by the tell- sity by
sor An =(XcosO/rd)Vi1 (26)

0 , , The maximum diffraction efficiency recorded in these ex-

(t=  ,,1, 0 (1, (21) periments at At =0 was 77=5.5X 10- 3 obtained at an in-

0 , ) tensity of 100 mJ/cm 2. The electric-field intensity of tile
incident wave is related to tile fluence F by25

where z,, is tie absorption coefficient for a beam propa- ( E 2) =(8rr/cu,)F= I. 19X 10' (27)
gating in the ith direction with polarization along the j
axis. If the crystal is oriented with K.lc, the probe-pulse for tile above fluence, in cgs units. The value of X.3t mea-
polarization is always perpendicular to the c axis and the sured in this case is calculated to be 2.3 X 10-13 esu.
apparent absorption coefficient is given by the linear Two of the electronic contributions to the conjugate
combination peak will be scattering from a free-carrier index grating

that is generated by single-photon absorption and scatter-
a=a,cos9-(-a,sinO (22) ing from the induced polarization of bound charges in the

where 0 is the half-angle between the intersecting pump material. The change in the refractive index associated

and probe beams. In tie orthogonal orientation K Ic, with scattering from a free-carrier grating is given in the
the appropriate coimbiiiation for the absorption Drude model by26

coefficient is An = 21rNce2/(?lV 21n. ) , (28)

(f =((,,, Cost) I af,.si() . (23) where N, is the density of free carriers of effective mass

[-or the dala in Fig. 9, 0= 8* and the attenuation of the in. N (in cm-3) can be approximated by the absorbed

probe in tile K,, Lc orientation is due mainly to the first photon flux

term ini Eq. (23. The first term in Eq. (22) is expected to N =(a1/hc)I=5.4X 1016 . (29)
be of this same magnitude and the extra attenuation of
the probe in the K , lic orientation is due to the com- Using this value in Eq. (28) predicts the free-carrier grat-
ponent A s the angle 0 increases the probe beam ing index change and third-order susceptibility contribu-

in both tie two-beam coupling experiment and in the tion to be An=3.OX106 and X(=1.5X 10 - 14 esu.

FWM experiment will undergo an increasing absorption These are an order of magnitude smaller than the mea-

as it propagates more along tile c axis. This is consistent sured values.

with the results shown in Fig. 5. Based on this analysis, The value ofn2=29X 10- I esu measured' 7 for KTaO]

the longer-lived signal in the picosecond pulse-probe can be used as an approximation for the bound-charge
FWM experiments is the scattered beam from an absorp- contribution to V,3' for KNbO 3. Using Eq. (25) the

tion graling. The photoexcited charge carriers are third-order nonlinear susceptibility from this effect is cal-
trapped on a time scale comparable with the optical pulse culated to be 1.8X 10-13 esu, which is the same order of
width but their redistribution among different trapping magnitude as the measured value.
levels sets up an absorption grating that is anisotropic Recent Raman-scattering experiments on KNbO3 have
with crystallographic directions. shown central peaks in the scattering spectrum that are

The physical origin of the fast conjugate peak observed associated with relaxation modes involved in the succes-
ii tie picosecond FWM experiments is difficult to deter- sive cubic-tetragonal-orthorhombic-rhombohedral phase
mine unambiguously because its time response cannot be transitions.28,29 While there is some question about an

resolved with 30-psec pulses used here. This signal is as- additional contribution to the signal from a soft phonon
sociaied with the third-order~susceptibility of the materi- mode, this is not relevant to the results described
al and caii have contributions from electronic and vibra- here.' 0 31 It is beyond the scope of our experiments to

tional mechanisms that respond on a picosecond time resolve tile specific contributions due to the relaxation

scale. Tile extend of each contribution can be estimated modes and soft modes. However, it is clear that the

from the nonlinear refractive index for the effect. If the Nb 5+ relaxation modes are responsible for a contribution
induced change in the refractive index is An, the non- to the dielectric constant of the material and thus will

linear refractive index n 2 is defined as '4  contribute to the nonlinear refractive index measured as a
conjugate signal peak in our FWM experiments.

AnI = i2( E') , (24) The multiwell potential surface involved with the hop-

where E is tile electric field of tile optical wave. n2 is re- ping modes is the eight-site order-disorder model used to
susceptibility describe the successive phase transitions in displacive fer-

lated to thie thtrd-order suyby roelectric crystals.2 8 This model has the Nb5+ ions locat-

12 ( 12rr/nr)y, , (25) ed in one of eight potential wells which have potential
minima displaced from the cubic unit cell center along

where n, is tile background refractive index which equals the ( I I I ) directions. Tie different structural phases (f
2.35 for K NhO1. For a refractive index grating, the the crystal are a conseqnence of tlie preferential occlipa-
theory of Kogelnik4 caii be used to obtaiii tlie refractive lion by tie Nb' ion of a certain set of potential wells.
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5.0 At 300 K An is approximately 0.18 and it decreases to
about 0.15 at 500 K. Substituting for (lie measured Ra-

dc ly 0 p~e man peak linewidth and the calculated value of Aa the
4 0 contribution to y'3 is 9 X 10- 13 esu. Stimulated hopping

-. between two of thie equivalent potential wells will make a
similar contribution to

The intensity of the diffracted signal was measured as a
function of temperature for undoped KNbO3 and the re-

20 diliy 150 1,,c suits are shown in Fig. 13. The signal was measured at
two delay times of the probe pulse, 0 and 150 psec. Thle

73 1 __1results at zero delay show the signal strength to decrease
10 as temperature is increased while the signal at 150 psec

< increases very slightly, A larger temperature range could

0,0 _____________________ not be studied because of the phase transitions of the
0 50 100 150 200 crystal at 250 K. The intensity of thle Raman-scattering

peak was observed to increase with temperature." 8 This
reineraiire 0C)peak is associated with relaxations from thle higher-

FIG 13 Abolue sattrin eficincyof laer-ndued energy potential well to the lower well which will become
Fraing in3.b Abs utecteiongen of tmea lorpse-ue more probable as the upper well is thermally activated.

griain inK0 all se a fntio f I eperitireno prbe-pls In terms of thie zero-delay signal observed in our laser-
delys fO nd SO seeaftr tre O-pec ritng ulss.induced grating experiment where thie light pattern is

driving thle modes in the bright regions, tile dettcted sig-
nial intensity depends onl the contrast in tlie refractive in-

For example, in thle cubic phase each of thle eight sites is dex between thle bright and dark regions of tile sample.
equally occupied, while tetragoinal ordering arises below As the temperature is increased this contrast decreases ats
thle first phase transition temperature due to a set of four the Nb5 K-phonion modes become more occupied in thle
wells perpendicular to a particular axis becoming prefer- dark regions. Also the linear birefringence between thle
entially occupied. two phases decreases as thie temperature increases."3 The

The influence of this polar hopping mode on the laser- decrease in An is about 17% over thle temperattire range
induced gratings is very similar to the unalysis of stimu- between 300 and 500 K while thle Signal decrease ini the

*lated Raman scalleng, However in this case the low same range is ctose to 28%.
frequency of thle mode means thie effect is seen in a clegen- Thus from thle above discussion it appears that tile

erae ixngconfiguration. Thle contribution t,(3)canl theund electron and Nb-hopping mode both conitribute to
bcalculated using fluctuation-dissipation theory arriving teobserved FWN1 signals at zero time delay in KNbO1 .

bttereut2 Further experiments using different samples and aster

excitat ion pulses will be done to separate t hese cont ribii-
Y1)= - N /8/i 41Uk r') /I A + Id2 I] (30) tions.

The polarizability change for this mode can be calculated
from the Clauisius-Niossotti relation
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